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The interactions of Cu'!, Zn" and Fe! with Triapine (3-amino-
pyridine-2-carbaldehyde thiosemicarbazone), which is cur-
rently undergoing phase II clinical trials as a chemotherapeu-
tic antitumour agent, were investigated in a water/DMSO
mixture. The proton-dissociation constants of the ligands, the
stability constants and the coordination modes of the metal
complexes formed were determined by pH-potentiometric,
UV/Vis spectrophotometric, EPR, 'H NMR spectroscopic and
ESI-MS methods. Two N-terminally dimethylated derivatives
of Triapine were also studied. Mono- and bis-ligand com-

plexes in different protonation states were identified.
Furthermore, the formation of the dinuclear species [Cu,L3]*
was confirmed for all ligands by EPR spectroscopy and ESI-
MS measurements. The results showed that the N-terminally
dimethylated ligands are much more potent chelators than
Triapine for the divalent metal ions studied. All three ligands
formed the least stable complexes with Zn'!, whereas the Fe!!
complexes were somewhat more stable than the correspond-
ing Cu'! species.

Introduction

Thiosemicarbazones (TSCs) are widely applied in analy-
sis, e.g., for the spectrophotometric and spectrofluorimetric
detection of various metal ions.'! Additionally, they possess
a broad range of pharmaceutical properties, such as anti-
malarial, antimicrobial and antitumour activity.”) a-N-het-
erocyclic TSCs have been found to exhibit significant anti-
tumour effects, and the most prominent derivative, Tri-
apine (3-aminopyridine-2-carbaldehyde thiosemicarbazone,
Scheme 1), which is currently undergoing phase II clinical
trials,®! is a potent inhibitor of ribonucleotide reductase
(RR),*3! which plays a central role in cell proliferation by
supplying deoxyribonucleotide precursors for DNA synthe-
sis and repair. The active subunit of RR consists of a ty-
rosyl radical cofactor and a nonheme di-Fe centre.S! The
Fe!! and Fe™™ complexes of Triapine are also efficient RR
inhibitors, and it has been assumed that the formation of
an intracellular Fe complex plays a crucial part in the
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mechanism of enzyme inhibition."71 The Fe'-Triapine
complex is a much more potent inhibitor of isolated RR
than the Fe' complex or the metal-free ligand,™ though
cytotoxicity studies on cancer cell lines have shown that the
1C5q values of Triapine and its Fe complexes are quite sim-
ilar.>7-°1 A possible explanation of the differences between
the inhibition potency of isolated RR and its cytotoxicity
is the lower cell uptake of the positively charged Fe' com-
plex as compared with metal-free Triapine.®! The mode of
action of Fe complexes of a-N-heterocyclic thiosemicarb-
azones intracellularly is associated with their redox activity.
The formal potentials of the reversible Fe!''/Fe!! redox cou-
ple of pyridine TSCs lie within the range of available cellu-
lar oxidants and reductants,® !l thus allowing the com-
plexes to undergo redox cycling and thereby produce reac-
tive oxygen species under physiological conditions, which
can destroy the tyrosyl radical of RR.[

| SN S | SN S | Y s
N J\ ZaUN J\ P Za AN J\ P

NH,
PTSC APTSC

NH
2 Triapine

Scheme 1. Ligands used in this study: Triapine = 3-aminopyridine-
2-carbaldehyde thiosemicarbazone; PTSC = pyridine-2-carbal-
dehyde N4 N*-dimethylthiosemicarbazone; APTSC = 3-aminopyr-
idine-2-carbaldehyde N* N*-dimethylthiosemicarbazone.

Besides the strong chelating properties toward Fe!' and
Fe'' jons, a-N-heterocyclic TSCs form complexes of high
stability with other transition-metal ions too, such as Cu'l,
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Zn", Ga™, Ru" and Ru™, which likewise possess cytotoxic
activity.[®12131 Moreover, [Cu''-bis(thiosemicarbazonate)]
complexes are currently under investigation as hypoxia-se-
lective positron-emission tomography tracers.!¥l TSCs usu-
ally coordinate to the metal centre by means of an (N,S)
bidentate mode and the binding of both neutral and anionic
forms is possible.['>161 Monodentate coordination through
the thione group has also been documented in the case of
soft-metal ions such as Ag' and Hg'.['”l When a coordinat-
ing functionality is additionally present in the TSC ligand,
more diversified binding modes can occur; typically, triden-
tate (X,N,S) coordination can be found in the octahedral
bis-ligand complexes, in which X is the donor atom of the
additional functional group. Sulfur too can serve as a bridg-
ing ligand to an adjacent metal centre to form dimers (e.g.,
in the case of Cu™).'81 Numerous dimeric Cu'' complexes
that contain chloride, bromide, hydroxide, acetate, etc.
bridging ligands between two monomeric units have been
synthesized and characterized by X-ray crystallogra-
phy[1519]

This wide range of possible coordination modes in the
complexes of TSC derivatives is usually reported for com-
pounds in the solid state or in solution with organic sol-
vents; relatively little information is available in the litera-
ture on complex-formation processes of TSCs in aqueous
solution.[?* 23 The generally low solubility of TSCs in water
results in experimental limitations for solution equilibrium
studies; however, a knowledge of the speciation of metal
complexes, especially at physiological pH, can provide in-
formation concerning the actual chemical form of the com-
plex in biological media, and this can contribute to a better
understanding of the differences in their biological activity.
A comparative equilibrium solution study was therefore
performed on the complexes of Triapine with the biolo-
gically essential transition-metal ions (i.e., Cu'l, Fe'l, Zn')
in a dimethyl sulfoxide (DMSO)/water mixture by means of
pH-potentiometric, UV/Vis spectrophotometric, EPR, 'H
NMR spectroscopic and ESI-MS methods. To clarify pos-
sible relationships between complex stability and cytotoxic
potency, terminally dimethylated derivatives of Triapine (see
Scheme 1) were also included in this study.

Results and Discussion

Proton Dissociation Processes

The proton-dissociation processes of the ligands (shown
in Scheme 1) were followed by pH-potentiometric, UV/Vis
spectrophotometric and "H NMR spectroscopic titrations.
All these ligands are poorly soluble in water, and various
DMSO/H,0 solvent mixtures were tested as suitable media
for aqueous solution equilibrium studies; 30% (w/w)
DMSO/H,0 was found to be sufficient for dissolution of
the ligands at the concentration levels necessary for pH-
potentiometric titrations (i.e., =1-2 mm). The hydrolytic
stabilities of the ligands were monitored by a second ti-
tration with KOH following back-acidification of the ini-
tially titrated sample from pH 2 to 12. The recorded ti-
1718
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tration curves were almost exactly superimposed: the pro-
tonation constants calculated from the two consecutive ti-
trations were found to be equal within *=0.04 log units,
which indicates that no decomposition occurred. Proton-
ation constants determined by pH-potentiometric and UV/
Vis spectrophotometric methods are reported in Table 1.
Two proton-dissociation processes could be determined for
the ligands Triapine, pyridine-2-carbaldehyde N* N*-di-
methylthiosemicarbazone (PTSC) and 3-aminopyridine-2-
carbaldehyde N* N*-dimethylthiosemicarbazone (APTSC),
and the constants obtained by the two kinds of method
were in reasonably good agreement.

Table 1. Protonation and dissociation constants [log f(H;L); pK;] of
the ligands studied at ¢ = 25.0 °C, I = 0.10 M (KCl) in 30% (w/w)
DMSO/H,0.[

Triapine PTSC APTSC
log S(HL)®! 10.78(1) 10.54(1) 10.29(1)
log B(H,L*)M®! 14.70(1) 13.92(1) 14.60(1)
pK,® 3.92 3.38 4.31
pK,®! 10.78 10.54 10.29
log A(HL) 10.86(1) 10.52(1) 10.35(1)
log f(H,L*) 14.65(1) 13.81(1) 14.60(1)
pK; ™ 3.79 3.29 4.25
pK© 10.86 10.52 10.35

[a] Uncertainties (standard deviations, SD) are shown in parenthe-
ses for the species determined in the present work. [b] Determined
by pH-potentiometry. [c] Determined by UV/Vis spectrophotomet-
ric titrations.

UV/Vis spectrophotometric titrations revealed character-
istic spectral changes in the 260-450 nm wavelength range.
The ligands display two intense absorption bands in this
range, which are assigned to n—n* transitions of the pyr-
idine ring and the thiosemicarbazide moiety.[**! Representa-
tive spectra for APTSC, together with the individual spectra
calculated for the ligand species in different protonation
forms, are shown in Figure 1 (a, b). As a consequence of
the extended conjugated electronic systems in the ligands,
both deprotonation steps are accompanied by changes in
the absorption bands. Similar behaviour was observed for
all the ligands studied. During the first deprotonation step
([H,L]" — [HL]), a blueshift and a decrease in intensity of
the absorption maximum in the visible region of the spectra
were observed, whereas the second deprotonation ([HL] —
[L]) was accompanied by a redshift and an increase in in-
tensity (Figure 1, b).

Protonation constants and the individual spectra for the
ligand species [H,L]*, [HL] and [L]" (Table 2) were calcu-
lated on the basis of deconvolution of UV/Vis spectra re-
corded at different pH values. UV/Vis titration of 2-formyl-
pyridine thiosemicarbazone in pure aqueous solution re-
sulted in similar proton-dissociation constants and individ-
ual spectra.?!-22]

Concentration distribution curves, together with ab-
sorbance values at A, as a function of pH, are reported
as Supporting Information (Figure S1).

The pK values determined demonstrate that the proton-
dissociation processes do not overlap, and the neutral form
[HL] predominates in the physiological pH range, as illus-
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Figure 1. (a) UV/Vis absorption spectra of ligand APTSC recorded
at different pH values [¢jigang = 0.05mm; 7 = 25.0°C, I = 0.10m
(KCl) in 30% (w/w) DMSO/H,0]; (b) calculated individual absorp-
tion spectra of APTSC species; (c) concentration distribution
curves for APTSC species (Cjigang = 0.05 mm).

Table 2. /.« [nm] and molar absorptivity [M 'cm '] values (in pa-
rentheses) for ligand species [H,L]*, [HL] and [L]~ determined by
UV/Vis spectrophotometric titrations [z = 25.0 °C, 7 = 0.10 m (KCI)
in 30% (w/w) DMSO/H,0].

[(HoL]

[HL]

12

Triapine 402 (20.6 X 10%) 368 (15.6x 10%) 376 (17.2x 10%)
290 (10.8 X 10%) 290 (11.5% 10%)

PTSC 340 (13.0X 10°) 312 (117X 10%) 366 (11.3X 10%)

APTSC 398 (18.2%10% 366 (13.6x 10%) 384 (20.7 X 10°%)

292 (11.3 X 10%)

trated for APTSC in Figure 1 (c). pK; can presumably be
attributed to deprotonation of the pyridinium unit, and pK,
to deprotonation of the hydrazinic N>-H group of the
thiosemicarbazide moiety (Scheme 2). Similar behaviour
has been described for other TSCs.[?°2? Following depro-
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tonation of the N2-H group, the negative charge is mainly
transferred to the S atom via the thione-thiol tautomeric
equilibrium (Scheme 2). Protonation of the pyridine N un-
der acidic conditions was confirmed by an X-ray diffraction
study of Triapine-HCI-H,O, the results of which are pre-
sented in Figure 2.

SV O N w s
N R H* N R H'
//Hr,l%//”v,«%'//nm/)\",n

R R R R .
[HoL] [HL] [LT

Scheme 2. Deprotonation steps of the thiosemicarbazone ligands.

Figure 2. X-ray structure of Triapine-HCI-H,O (the water molecule
is omitted and the thermal ellipsoids are drawn at 30 % probability
level).

The effects of various substituents on the proton-dissoci-
ation constants are worthy of mention. The electron-donat-
ing amino group at C3 of the pyridine ring increases pKj,
whereas the methyl groups on the terminal N slightly de-
crease pK, (Table 1).

Additionally, the proton-dissociation processes of the
TSCs were monitored by '"H NMR spectroscopic titration.
The chemical shifts (d) of certain protons exhibited reason-
able sensitivity to the protonation state of the ligand, as
shown for Triapine in Figure 3. The chemical shifts of the
different Triapine species, determined by deconvolution of
the 'H NMR spectra, are to be seen in Table S1 in the Sup-
porting Information. Despite the presence of two distinct
protonation sites, electronic deshielding effects were ob-
served for all monitored signals, presumably due to the con-
jugated electronic system of the ligands. Upon deproton-
ation of the pyridinium group (between pH = 3 and 5), up-
field shifts were observed for all the protons of the pyridine
ring, whereas the protons meta and para to the pyridine N
proved to be the most sensitive. Further upfield shifts of
the ¢ values of the CH protons of the ring occurred when
the second proton-dissociation step took place at the TSC
moiety, whereas the signal of the CH(=N) proton, which
is located closest to the second protonation site (N2-H),
demonstrated only a slight downfield shift. The terminally
dimethylated derivatives (PTSC and APTSC) possess lower
solubility, which resulted in lower-quality spectra; therefore,
we followed only the signals of the N-methyl protons with
some degree of certainty, and moderate upfield shifts of ¢
were observed as the first and second deprotonation steps
(see Figures S2 and S3 in the Supporting Information) took
place.
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Figure 3. pH-dependent chemical shifts [ppm] for Triapine protons
measured by "H NMR spectroscopic titration {# = 25.0 °C in 30%
(w/w) [Dg]DMSO/D,0}.

Complex Formation with Divalent Metal Ions

The complex formation processes of Triapine, PTSC and
APTSC with Cu'", Zn™ and Fe' were studied by pH poten-
tiometry in a 30% (w/w) DMSO/H,0O solvent mixture. The
experimental titration data indicated that these ligands were
efficient metal-ion chelators in a wide pH range for all three
metal ions. It should be noted, however, that the ligands
were not able to keep the metal ions in solution at a metal-
to-ligand ratio of 1:1 at highly basic pH, and precipitation
occurred. The complex formation processes with all three
ligands start at low pH (pH = 2) in the case of Cu'" and
Fel; the representative titration curves for Triapine show
this in Figure 4. Complexation of Zn'' with Triapine pro-
ceeds only at pH > 4, whereas interactions between Zn!!
and the terminally dimethylated ligands, PTSC and
APTSC, are observed at significantly lower pH. Formation
of non-negligible amounts of mixed hydroxido species oc-
curred at basic pH, as concluded from the base consump-
tion exceeding the number of dissociable protons in the li-
gands.

12

Triapine
10

-2.5 -1.5 -0.5 0.5 1.5

base equivalent

Figure 4. Representative pH-potentiometric titration curves for Tri-
apine, Cull-Triapine, Zn"-Triapine and Fe''-Triapine systems
[¢ligana = 2mm; M/L = 1:2; ¢ = 25.0°C, I = 0.10 m (KCI) in 30%
(w/w) DMSO/H,0]. Negative base equivalent values mean an ex-
cess amount of acid.

The stoichiometries of the metal complexes and the sta-
bility constants furnishing the best fits to the pH-potentio-
metric experimental data together with some stepwise and
derived equilibrium constants are listed in Table 3. The data
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reveal the formation of mono-ligand complexes such as
[MLHJ?*, [ML]*, [MLH ;] and [MLH ,]" and bis-ligand
complexes such as [ML,H]*, [ML,] and [ML,H_;]". The
EPR spectroscopy measurements and the ESI-MS findings
indicated that Cu" is prone to form dinuclear species (e.g.
[M,L5]*), which were included in the accepted models. In
the protonated mono and bis complexes, the protons can
presumably be attributed to the noncoordinating hydrazinic
N2 atom and coordination through the (N,,,,N1, S) donor
set can be suggested, as depicted in Scheme 3 for the octa-
hedral Zn" and Fe'' complexes. This mode of coordination
was recently confirmed by an X-ray diffraction study of
[Zn(HL)CL,JHCI in the case of Triapine.?>) The species
[ML]* and [ML,] most probably contain ligands coordi-
nated to Fe'' and Zn" through the (N, N1,S") donor set,
as illustrated in Scheme 3. This is the typical coordination
mode for the pyridinecarbaldehyde TSCs.[!3]

Table 3. Stability constants [log f(M,L,H,)] for the divalent metal
complexes of the TSC ligands with some stepwise and derived con-
stants at ¢ = 25.0 °C, I = 0.10 m (KCI) in 30 % (w/w) DMSO/H,0.[

Triapine PTSC APTSC
log A(CuL]") 13.8903) 13570) 13.952)
log A[CuLH ) 5.89(7) - 7.20(7)
log A(CuLH 5] ) ~5.98(7) - -
log A(CuLH]") 27.1609) 27493) 28.110)
log A[CuL1)) 20.32(8) 2A23G5)  21.9005)
log A[CusLa]") 3879(12)  39.00(10)  41.12(6)
fitting parameter [mL] 244%1073 146 <103 2.03x1073
log K(CuL,)) 643 7.66 7.95
log {K(CuL]"YK(CuLs])} 746 591 6.00
log ((CUL]") — log AHLL® 081 2035 065
log A[CuLy]) — 2xlog AHLLYY 9,08 661 730
pCul 10.73 10.87 12.33
log A(ZnLHP*) 13.250) - 14.56(4)
log f(ZnL]") 878(1) 12.56(5) 10.34(4)
log A(ZnL,H]") 21.83@) - -
log A[ZnL1)) 16.26(2) 2081(8) 17.1709)
logA[ZnL,H ,]) 4572 - -
fitting parameter [mL] 1.17x103  267x10°3  207x103
log K(ZnL]) 7.48 825 6.83
log { K(ZnL]"YK(ZnLs])} 1.30 431 351
log A(ZnL]") - log AHL®  -5.92 136 426
log A(ZnLy]) — 2xlog AHLLYE 1314 703 1203
pZnll 528 927 7.30
log A[FeLHP*) 1591(2) - -
log A(FeL]) 12293) 13.27(1) 1437(4)
log A[FeLH ]) - - 8.92(5)
log A[FeL,H]") 27.7003) 27542 29.095)
log A[FeL,)) 22.55(5) 0370)  24.1605)
log A[FeL,H |]) 10.83(9) - -
fitting parameter [mL] 373103 223x10°  4.17x1073
log K([FeL,)) 10.26 10.10 9.79
log { K([FeL]* VK ([FeLo)} 203 3.17 458
log A[FeL]") - log L) 241 065 2023
log A[FeLy]) — 2xlog SHL)P 685 447 504
pFel 8.76 9.98 13.14

[a] Uncertainties (SD) are shown in parentheses for the complexes
determined in the present work. [b] For the values see Table 1.
[c] pM (= —log[M?*]) values at pH = 7.25 (pKy, = 14.5); Cligand =
1 mm; M/L = 1:2.
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Scheme 3. Proposed structures for [MLH]?>*, [ML]* and [ML,] Fe"!
and Zn'" complexes.

The species [MLH_,], [MLH_,] and [ML,H ;] formed
at basic pH should be regarded as mixed hydroxido com-
plexes [ML(OH)], [ML(OH),]” and [ML,(OH)]", which re-
sult from the deprotonation of coordinated water mole-
cules. In some cases, mixed hydroxido species could not be
detected because precipitation occurred in the pH range of
their formation. The Cu" complexes exhibited somewhat
different behaviour, as they possess octahedral geometry
with tetragonal distortion due to the Jahn-Teller effect;
their coordination modes are discussed in a separate section
below.

The thermodynamic stabilities of the metal complexes
formed with the different ligands can be compared by
various modes (e.g., considering merely the log f{/ML] and
log fIML,] values in the case of a certain metal ion), al-
though derived constants for the reactions below can give
further information relating to the stabilities of the metal
chelates. Higher derived constants imply more favoured
metal complex formation as compared with that for the
proton complex.

M2* + H,L* = [ML]* + 2H* {logK = log A(ML]") - log f(H,L*)}

M2* + 2H,L* = [ML,] + 4H*
{logK = log f(IMLy]) — 2 Xlog f(H,L")}

The derived constants in Table 3 reveal that PTSC and
APTSC are much more effective chelators than Triapine for
Zn", Fe'm and Cu'; the data are especially high in the case
of PTSC. For biologically active metal complexes, ligand
preference is of particular interest at physiological pH; it
can be expressed by comparison of the concentrations of
the free metal ion in different metal-ligand systems. These
values reveal how efficiently the ligand can keep the metal
ion in complexed forms even in different species. For this
reason, pM values were calculated at neutral pH (Table 3).
It can be seen that Triapine always has the lowest pM values
and APTSC is the most efficient metal binder for Cu! and
Fe!!, whereas PTSC is the most efficient for Zn'!.

It may be concluded from all these findings that the pres-
ence of the methyl groups on the terminal amino N of pyr-
idinecarbaldehyde TSCs results in more favourable complex
formation than that with the terminally unsubstituted TSCs
such as Triapine.
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As concerns the sequence of the stability constants for
the metal complexes formed in the M"-TSC systems (e.g.,
log fIML] and logfiML,] in Table 3), it may be seen that
Zn'' forms the least stable complexes and the species
formed with Fel are usually somewhat more stable than
those of Cu'l. This trend is not in accordance with the Ir-
ving—Williams series, most probably because of the forma-
tion of low-spin Fe' complexes with marked stability due
to the (N,y,,N,S") coordination mode.['*] This environment
provides moderate formal potentials for the reversible
[Fe"L,]*/[Fe''L,] redox couples at physiological pH [e.g.,
for L = Triapine, PTSC and APTSC; E°' = +0.07, +0.14
and +0.05V, respectively, vs. NHE in 30% (w/w) DMSO/
H,0, t =25.0 °C, I = 0.10 M (KCDP]]. It is noteworthy that
the stepwise stability constants exhibit the usual sequence:
log K(IML]") is always higher than log K([ML,]), whereas
the log { K(IML]*")/K([ML,])} values are several orders of
magnitude higher for Cu'! than for Zn" and Fe', thus indi-
cating the less favoured coordination of the second ligand
in the Cu"' complexes.

Spectroscopic methods such as EPR spectroscopy for the
Cu'" complexes, '"H NMR spectroscopy for the Zn'! sys-
tems, and UV/Vis spectrophotometry for the Fe'™ and Cu!
systems, were applied to obtain further information on the
coordination mode and geometry of the complexes of the
TSC derivatives.

'H NMR spectra for the Zn""—Triapine system were re-
corded at different pH values. The signals of the metal-free
and complexed ligand could not be distinguished due to the
fast proton- and ligand-exchange processes. The changes in
the chemical shifts of CH(=N) and the CH protons of the
pyridine ring were therefore monitored as a function of pH
to ascertain the stability constants. In the presence of Zn',
the changes were similar to those as in the case of the sec-
ond deprotonation step of the metal-free ligand. Upfield
shifts of the signals of the pyridine ring protons and a
downfield shift of that of the CH(=N) proton were ob-
served with increasing pH. However, these changes ap-
peared at much lower pH (pH = 5) than in the case of the
metal-free ligand as a consequence of proton displacement
due to the Zn" complex formation (not shown). Moreover,
the changes were found to be more significant for the pro-
ton ortho to the pyridine N and CH(=N), which are situated
closest to the metal centre (e.g., a few tenths of ppm as
compared with the free ligand). The formation of the joint
chelate rings also seems to play a role. It is worth noting
that the N-terminal methyl protons of PTSC in the presence
of Zn' revealed a considerable upfield shift above pH 3,
thus indicating that the complex formation starts at much
lower pH with this ligand than with Triapine, as a conse-
quence of the higher stability species (Figures S2 and S3 in
the Supporting Information).

UV/Vis spectrophotometric measurements under strictly
anaerobic conditions at different pH values were performed
to gain a better insight into the formation of Fe'! complexes
with the TSC ligands; the results for the Fe!'-Triapine sys-
tem are shown in Figure 5. The concentration distribution
curves reflect the pH-dependent formation of the different
1721
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Fe'! species (inset of Figure 5). The UV/Vis spectra of quite
dilute solutions [¢(Fe™) = 0.03 mm] were recorded, because
of the intense colours of the metal complexes. During the
titrations, the solutions changed from red at low pH to
bluish-green at pH = 4-5 and to green at above pH = 7. In
the case of Triapine, broad absorption bands were observed
in the region 450-680 nm due to the complex formation
(the terminally dimethylated ligands behaved similarly). As
the metal-free ligand does not absorb in this region, these
are most probably charge-transfer (CT) bands of the Fe!!
complexes. The formation of mono complexes resulted in a
shoulder in the interval 450-500 nm, whereas formation of
the bis-ligand species was accompanied by the development
of an absorption band with maximum at 620 nm. The spec-
tra recorded between pH 6.8 and 10 corresponded to the
spectrum of the complex [FeL,] as also reported by Shao et
al.® The (N,y,,N,S") donor set and especially the coordina-
tion of the aromatic nitrogen atoms in the complexes [FeL,]
resulted in CT bands with high molar absorptivity in the
visible region. This donor set in the complex also led to a
certain stabilization of the lower oxidation state {see
E°'([Fe"L,]*/[FeL,]) values above}.
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Figure 5. UV/Vis absorption spectra of Fe''-Triapine system re-
corded at different pH values [¢jigana = 0.06 mym; M/L = 1:2; t =
25.0°C, I =0.10 M (KC]) in 30% (w/w) DMSO/H,0]; Inset: Con-
centration distribution curves of Fe!! complexes formed in the Fell-
Triapine system at metal-ion-to-ligand ratio 1:2, ¢jjgang = 0.06 mM.

Copper(IT) Complexes: UV/Vis Spectrophotometric, EPR
and ESI-MS Measurements

Complex formation in the Cu™-TSC systems was fol-
lowed by UV/Vis spectrophotometric and EPR spectro-
scopic titrations. Representative UV/Vis spectra are pre-
sented in Figure 6 (a) for the Cu''~Triapine system. Con-
siderable absorption occurred in the visible region at wave-
lengths higher than 460 nm for all the TSCs studied. This
band is undoubtedly not associated with ligand absorption.
An absorption maximum at approximately 650 nm with rel-
atively low molar absorptivity (¢) was observed in the spec-
tra measured at acidic pH, which can be attributed to the
d—d transition of the Cu'! complexes.?”? The shoulder peak
in the interval around 460-600 nm became more intense as
1722
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the pH was increased, reaching maximal intensity at pH =
8, and then decreases at 554 nm in parallel with the concen-
tration distribution curves (Figure 6, b). This shoulder is
probably due to the S-Cu!! ligand-to-metal CT band which
is present throughout the whole pH range and has a much
higher ¢ value than that of the d—d bands.
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Figure 6. (a) UV/Vis absorption spectra of Cu''-Triapine system re-
corded at different pH values. (b) Concentration distribution curves
of Cu" complexes formed in the Cu'-Triapine system and pH de-
pendence of absorbance values at 554 nm (¢) [¢(Cu'') = 1 mm; M/L
=1:2; ¢t =250°C, I =0.10 m (KCI) in 30% (w/w) DMSO/H,0].

The EPR spectra and their changes at different pH
values were found to be quite similar for the three Cu'™-
TSC systems. The fits between the experimental and the
simulated spectra are depicted in Figure 7 using the exam-
ple of PTSC as ligand, and the isotropic EPR spectroscopic
data obtained from the “two-dimensional” simulation are
given in Table 4. The component EPR spectra calculated
from the simulation are shown in Figure 8. (For the concen-
tration distribution curve data calculated with the stability
constants obtained from the EPR spectra simulations, see
Table 4 and Figure S8.) These spectroscopic measurements
allowed the following conclusions concerning the formation
of the Cu'' complexes of the TSCs.

Similar speciation models emerged from the EPR spectra
simulation as in the case of pH potentiometry, though some
differences were also found: the formation of [CuLH]** and
isomers of [CuL,H]* and [CuL,] was detected. Both the
UV/Vis and the EPR spectra suggested that below pH 3 the
presence of the free Cul! ion is almost negligible and the
Cu!! mostly exists as [CuLH]** and [CuL]* in contrast to
the concentration distribution curves in Figure 6b, calcu-
lated from the results of pH potentiometry. This difference
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Figure 7. Experimental (black) and simulated (grey) EPR spectra
recorded for the Cu''-PTSC system at room temperature. [c(Cu')
=1mm; M/L = 1:2.5; 1= 0.10 m (KCI) in 30% (w/w) DMSO/H,0].

can be explained by the fact that HL coordinates to the
Cu'! ion without deprotonation so that pH potentiometry
is not sensitive to its formation, whereas the EPR spectra

European Journal
of Inorganic Chemistry

Cu,l, @  cu,l, (b) CELI_/&
cuL CuL, CuL

isomer H i

isomer L %W

CuLH Cul,H gt

CuLH

@
o
3
[0}
2
i
g3
3 3
3 2
— I

o

;
f

=

-

T
N

@

o

3

Q

%
05'6‘
o| O
3|3
Fale
EAr

CulLH,,
uL
CuLH

4

L

- 777
3000 3200 3400 3600 3000 3200 3400 3600
Magnetic field (G) Magpnetic field (G)

——T—T—T
3000 3200 3400 3600
Magnetic field (G)

Figure 8. Calculated component EPR spectra obtained for (a)
Cu''Triapine, (b) Cu'-PTSC and (¢) Cu™-APTSC (c) systems.
Charges of the complexes are omitted for simplicity.

of the aqua complex of Cu' and [CuLHJ*>* can easily be
distinguished. The EPR method can barely distinguish be-
tween different constitutions when the EPR parameters are
very close (as was found for the highly overlapping
[CuLHJ**, [CuL]* and [CuL,H]"), and in this case pH po-
tentiometry therefore gives more certain data. Hence, the
use of the two different approaches together can yield a
reliable description of the systems. Even though a drift in
the stability constants was obtained with the two methods,

Table 4. Isotropic EPR spectroscopic parameters of the components obtained for Cu'-Triapine, Cu''~APTSC and Cu''-PTSC systems
with overall stability constants of the complexes obtained from the “two-dimensional” simulation of EPR spectra.[l

Triapine PTSC APTSC
8 aN [G] log#® g, aN [G] log #°) & aN [G] log #°)
4, [G] 4, 1G] 4, [C]
Cu'l 2.1950 2.1950 2.1950
34.0 34.0 34.0
[CuLHP* 2.1069(3) 15(7), 10(4) 16.69(2)  2.0977(1) 144(3), 11.33)  16.58(2) 2.1010(4) 14(1), 12.0(5) 17.05(4)
73.7(4) 71.2(2) 76.0(6)
[Cul]* 2.0958(1) 16.7(1), 9.8(2) 14.35(2)  2.0943(1) 16.8(2), 13.4(3)  14.42(2) 2.0903(3) 17.03), 13.1(4) 15.12(4)
72.6(1) 75.0(2) 75.8(3)
[CuLH(OH)]"  2.0865(4) 14.1(6), 10.8(5)  4.68(3)  2.0894(1) 144(1), 11.3(1)  4.55(4) 2.0850(3) 15.2(5), 13.1(3)  5.63(4)
70.7(5) 77.5(1) 70.0(5)
[CuLH(OH),]  2.0826(1) 17.6(3), 1433)  -7.57(3) 2.0808(2) 18.3(4), 13.8(3) —6.75(6)
83.0Q2) 82.7(3)
[CuL,HJ* 28.671d 29.07d! 29,631l
isomer H 2.0905(3) 16(3), 12.9(4), 28.67(3) 15.8(3), 11.1(3)  28.84(1) 2.0902(2) 15(3) 29.31(3)
12.94)
77.7(4) 11.13) 72.4(2) 10(3)
10(3)
isomer L 2.0750(1) 15.6(1), 10.02)  28.70(1) 2.0718(2) 15.9(3) 29.35(3)
72.9(1) 71.4(2) 10.4(4)
[CuL,] 20.9514! 2276l 2240/
isomer H 2.1029(4) 12(1), 6.9(6) 20.64(1)  2.0981(2) 12.5(5), 8.0(3) 22.70(3) 2.1059(2) 13.8(3), 11.7(5)  22.28(3)
60.3(5) 61.2(2) 62.0(2)
isomer L 2.0796(3) 12.8(5), 12.8(5),  20.66(2)  2.0800(6) 128,128,127  21.88(3) 2.083(1) 12.8 21.78(3)
12.7(5)
70.5(3) 66.8(8) 64.0(8) 12.8, 12.7
[Cu,Ls)* 2.049(2) 39.509) 2.049(1) 42.24(8) 2.058(3) 42.95(9)
55(9) 63(6) 73(5)

[a] Uncertainties of the last digits are shown in parentheses. [b] For the proton complexes the pH-potentiometric formation constants in
Table 1 were used in the EPR analysis. [c] Fixed values obtained from separate measurements of Cu!' without the ligands. [d] logf =

log (ﬂisomer L + ﬁisomer H)
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the distribution curves are comparable [cf. Figures 6 (b) and
S8]. However, the EPR spectrum of [CuLH]** is not well
resolved (N superhyperfine splitting was not clearly de-
tected) in any of the systems; the coordination of the two
N atoms (N, and N) and the thioamide S can be sug-
gested because of the very low g, (2.0977-2.1069) and high
A, (71.2-76.0 G) values, which show a very high ligand
field (see Table 4) and the appearance of the S—Cu'" ligand-
to-metal CT bands at low pH values in the UV/Vis spectra.
In comparison, for the complex [CuLH_,] of glycyl-L-histi-
dine (N, Nymia,NH»), g, = 2.1143 and 4, = 77.2 G were
measured.”®] The slight differences between the parameters
of the complexes [CuLH]** of the three different TSC li-
gands can be related to their slightly different basicities.

In the case of the complex [CuL]", a further decrease in
g, was observed for all three TSC ligands, which agrees with
the deprotonation of the noncoordinating NH group and
coordination through (N,,N,S") is suggested. Slightly re-
solved N peaks were observed, the best description of which
was obtained by taking into account one larger (= 16-17 G)
and one smaller (= 10-13 G) coupling constant. The split-
ting of two nonequivalent N atoms (ani = 12.7 G, aniyy
179G, ani: = 104G and anixe = 124G, aniyy =
12.4 G, any-- = 14.7 G) was also observed in the spectra
recorded at 77 K for the Cu™-PTSC system at pH 3.36,
which is probably the spectrum of the [CuL]* (Figure S6 in
the Supporting Information). The unusually high aN,,,
value (17.9 G), which can probably be assigned to the cen-
tral N in the two chelate rings, reflects a high covalency for
the N-Cu'" ¢ bond. Furthermore, the anisotropic data (g,
= 2.020, g, = 2.052, g.. = 2.200 and 4, = 249G, 4,, =
22.6 G, A.. = 166.0 G) with g.. > g, g, > 2.040 suggest
that the complex has a d,» - ground state, characteristic of
Cu'! complexes with D,;, symmetry, but the difference be-

tween g, and g,, demonstrated a strong rhombic distortion
of the symmetry in this complex.[*) The EPR parameters
of [CuLL(OH)] and [CuLL(OH),] agree well with the fact that
in the former the water molecule in the equatorial plane is
deprotonated, and then another one in the axial position.

Two isomers could be detected for the bis-ligand com-
plexes ([CuL,H]* and [CuL,]) with very different g, values.
For simplicity, the isomers were referred to as L and H, in
accord with the lower and the higher g, values, respectively.
However, for [CuL,H]*, when L = Triapine the component
with the lower g, value could not be detected (see Table 4).

The isotropic EPR parameters and the spectra simula-
tion for the [Cul,H]" species permitted the conclusion that
most probably two and three N-donor atoms are coordi-
nated to Cu'" in the equatorial plane in the L and H isomers
of [CuL,H]*, respectively. Furthermore, the ligand-to-metal
CT band can also be seen in the pH range of the formation
of this protonated bis-ligand complex in the UV/Vis spec-
tra. The S-donor atom is most likely coordinated to Cu'l,
and therefore one possible explanation is that ligand L~ is
bound through (N,,,,N,S") and HL is bound in a mono-
dentate manner through (S°) in the L isomer or through
N, in the H isomer of [CuL,H]".

Between pH 5 and 10, a species with a very broad EPR
signal was detected for all three Cul-TSC systems. This
broadening can be explained by the dipolar interaction of
close Cu'! centres. The pH-potentiometric and EPR data
could be fitted well when the formation of dimeric com-
plexes [Cu,L;]*" was presumed and included in the specia-
tion model. In these complexes, the third ligand may link
two [CuL]* moieties as a bridging ligand; however, it is dif-
ficult to establish the exact coordination mode on the basis
of the EPR and UV/Vis photometric measurements alone.
To confirm the formation of [Cu,Ls]*, electrospray ioniza-
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Figure 9. ESI-MS fragmentation spectrum (MS/MS) of the parent peak of [Cu,Ls]* at m/z 708 recorded in Cu''-Triapine system. Inset:
Zoom scan spectrum of the peak attributed to the dimeric [Cu,L;]" complex with its calculated isotopic distribution pattern (dashed
line) for the composition of [CuyCoiH24N15S5]* (Crriapine = 0.10 mm; M/L = 1:2; pH = 7.40).
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tion mass spectra were recorded for the Cu™Triapine sys-
tem at physiological pH: signals of the species [H,L]",
[CuL]* and [CuL,H]" were detected and also of the dimeric
complex [Cu,L;]" (Figure S7 in the Supporting Infor-
mation). However, it is worth noting that the ESI-MS
method does not afford a quantitative picture of the specia-
tion, and only the metal-to-ligand stoichiometry can be ob-
tained (the original number of protons in the complex can
not be given due to the proton-transfer reactions activated
by the ESI method). A collision-induced fragmentation ex-
periment was performed for the precursor complex
[Cu,L;]"; the spectrum is shown in Figure 9, in which the
inset presents the measured and calculated isotropic pattern
of this dimeric species. Fragmentation results in the appear-
ance of the monomeric complexes [CuL]* and [CuL,H]*,
which are the most probable fragment ions of the species
[Cu,Ls] ™.

In the case of the complexes [CuL,], very different EPR
parameters were found for the L and H isomers, which sug-
gests a completely different arrangement of the donor
groups; nevertheless, the assignment is very difficult. The
literature contains some data on bis-ligand complexes of
TSCs with the (N,S)(N,S") coordination set, but they are
rather contradictory. For example, for pyruvic acid thio-
semicarbazone, the parameters g, = 2.04 and g = 2.191 (g,
= 2.090) were found for such a bis-ligand complex,"
whereas a similar structure was suggested for acetophenone
thiosemicarbazone when the parameters g, = 2.04 and g
= 2.158 (g, = 2.079) were measured.’'] However, the
number of possible bis complexes is rather high, as different
combinations of the (N, N,S7)(N or S7) or (Npy, N)(N,S")
coordination sets are also possible in the equatorial plane.
For the PTSC, the isomer H predominates at pH 9.70; an
EPR spectrum was also measured at 77 K (Figure S6) for
this complex, with the parameters g, = 2.046, g, = 2.199,
A, =20.1 G and 4 = 160.2 G, similar to those measured
for pyruvic acid thiosemicarbazone.*! Hence, (N,S)(N,S")
coordination is feasible.

For the minor, L isomer of Triapine, the isotropic spectra
displayed well-resolved N splitting, which could be fitted
satisfactorily by taking into account the coordination of
three or four N atoms, but the fit was not acceptable with
the assumption of only two N-donor atoms. The
(N,S)(Np,ysN) or (N, N)(Np,y,,N) coordination modes in
the equatorial plane are therefore more likely for the L iso-
mer. It should be noted that the small amount of L isomer
for PTSC and APTSC allowed only the g,, 4, and logp
data to be fitted for this isomer; other parameters (line-
width parameters and N couplings) were fixed through data
obtained for Triapine.

Conclusion

Two general trends were observed in this study: (1) the
terminal dimethylation of a-N heterocyclic TSCs results in
distinctly increased complex stability as compared with ter-
minally unsubstituted TSCs; (2) comparison of the stabili-
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ties of the metal complexes formed with the different di-
valent metal ions reveals that the Zn" complexes have the
lowest stability, and Fe!' forms similar, but somewhat more
stable complexes than those of Cu'l. It was also concluded
that the formation of bis-ligand complexes is favourable
with Fell and Zn", whereas Cu!! tends to form the dimeric
complexes [Cu,Ls]* in the physiological pH range.

As the bis-ligand complexes [ML,] are usually applied to
study anticancer activity, to obtain a view of the most
plausible form of these metal complexes in the biological
milieu, concentration distribution curves were calculated at
neutral pH at different total concentrations of the bis-
ligand complex, as shown in Figure 10. At lower concentra-
tion, the fraction of the mono-ligand complexes is in-
creased, but this trend is much less pronounced in the case
of Fe! due to the high-stability bis-ligand complexes. In
general, the enhanced formation of the mono-ligand com-
plexes in dilute aqueous solution can provide a possibility
for interactions with other bioligands during the metabo-
lism.
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Figure 10. Concentration distribution curves of (a) Fe!!, (b) Zn!!
and (c) Cu'' complexes formed in the M"-PTSC systems in relation
to the concentration of complex [ML,] at neutral pH (pH = 7.25;
M/L = 1:2; for Triapine, see Figure S9 in the Supporting Infor-
mation).
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As concerns the biological activities of the metal-free li-
gands, Triapine exhibits ICs, values in the low micromolar
range; this is followed by the slightly more active APTSC,
whereas PTSC exerts strongly enhanced cytotoxic activity
in the low nanomolar range.!®! The correlation with the sta-
bility constants generally shows that the more active ter-
minally dimethylated TSCs also form the more stable com-
plexes, but the large increase in cytotoxicity from APTSC
to PTSC is not reflected by the complex formation strength.
However, it must be taken into account that the cytotoxic
activity is influenced by a large number of parameters, for
example, the lipophilicity, which is certainly lower in the
case of APTSC.

Experimental Section

Chemicals: Triapine, PTSC and APTSC were prepared as described
previously.!® The purities and stabilities 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 powder dissolved in a known amount of HCI
solution under a purified, strictly oxygen-free argon atmosphere,
then filtered, stored and used under anaerobic conditions. KSCN
(Sigma—Aldrich) solution was used to check on the absence of Fe!!
traces in the Fe!' solution. The concentration of the Fe!! stock solu-
tion was determined by permanganometric titrations under acidic
conditions. CuCl, and ZnCl, stock solutions were made by the dis-
solution of anhydrous CuCl, or of anhydrous ZnCl, in a known
amount of HCI, and their concentrations were determined by com-
plexometry through the EDTA complexes. Accurate HCI concen-
trations in the Fe' and Zn" stock solutions were determined by
pH-potentiometric titration.

pH-Potentiometric Studies: The pH-metric measurements for deter-
mination of the protonation constants of the ligands and the sta-
bility constants of the metal complexes were carried out at an ionic
strength of 0.10 m (KCI, Sigma-Aldrich) at 25.0+0.1 °C in
DMSO/water (30:70, w/w) as solvent. The titrations were per-
formed with carbonate-free KOH solution of known concentration
(0.10 m). Both the base and the HCI used were Sigma-Aldrich
products and their concentrations were determined by pH-
potentiometric titration. An Orion 710A pH meter equipped with
a Metrohm combined electrode (type 6.0234.100) and a Metrohm
665 Dosimat burette were used for the pH-metric measurements.
The electrode system was calibrated according to Irving et al.[33
and the pH-metric readings could therefore be converted into hy-
drogen-ion concentrations. The average water-ionization constant,
pK,, is 14.520 = 0.05 with DMSO/water (30:70, w/w) as solvent.[?"]
The pH-metric titrations were performed in the pH range 2.0-12.0.
The initial volume of the samples was 5.0 mL. The ligand concen-
tration was in the range 1-3 mm and metal-ion-to-ligand ratios of
1:1-1:4 were used. The accepted fitting of the titration curves was
always less than 0.01 mL. Samples were deoxygenated by bubbling
purified argon through them for around 10 min before the measure-
ments. In the case of Fe!' samples, argon overpressure was used
when Fe!l was added to the samples in tightly closed vessels, which
were previously completely deoxygenated by bubbling a stream of
purified argon through them for approximately 20 min. Argon was
also passed above the solutions during the titrations.

The protonation constants of the ligands were determined with the
computer program SUPERQUAD;?Y PSEQUADI?! was utilized
to establish the stoichiometry of the complexes and to calculate the
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stability constants (logfimpu). The calculations were always made
from the experimental titration data measured before precipitation.

Spectrophotometric Measurements: UV/Vis spectrophotometric ti-
trations were performed on TSCs and Fe!!- or Cu''-containing sam-
ples; the concentration of ligand was 0.05mwm (for the ligand
alone), 0.06 mM (for Fe'"-ligand samples) or 1 mm (for Cu''-ligand
samples) and the metal-to-ligand ratios were 1:1 and 1:2 in the pH
range between 2 and 12 at an ionic strength of 0.10 M (KCI) in 30%
(w/w) DMSO/H,O. For Fe!! samples, spectra were recorded under
anaerobic conditions. A Hewlett—Packard 8452A diode array spec-
trophotometer was used to record the spectra in the interval 260—
820 nm. The path length was 1 cm. Protonation constants and the
individual spectra of the species were calculated by the computer
program PSEQUAD.*3

'H NMR Spectroscopy Measurements: 'H NMR spectroscopic
studies were carried out with a Bruker Ultrashield 500 Plus instru-
ment. TSCs were dissolved in a 30% (w/w) [Dg]DMSO/D,O mix-
ture in a concentration of 1.5 mm and the Zn''-to-ligand ratios were
0:1 and 1:2.

EPR Measurements and Deconvolution of the Spectra: All EPR
spectra were recorded with a Bruker EleXsys ES00 spectrometer
(microwave frequency 9.81 GHz, microwave power 10 mW, modu-
lation amplitude 5 G, modulation frequency 100 kHz). The iso-
tropic EPR spectra were recorded at room temperature in a circul-
ating system. The stock solution contained 1 mm CuCl, and 2, 2.3
or 2.5 mm Triapine, APTSC or PTSC, in 30% (w/w) DMSO/H,O
for Triapine and PTSC, and in 50 % (w/w) DMSO/H,O for APTSC,
at an ionic strength of 0.10 M (KCl). NaOH solution was added to
the stock solution to change the pH, which was measured with
a Radiometer PHM240 pH/ion Meter equipped with a Metrohm
6.0234.100 glass electrode. A Heidolph Pumpdrive 5101 peristaltic
pump was used to circulate the solution from the titration vessel
through a capillary tube into the cavity of the instrument. The ti-
trations were carried out under an argon atmosphere. The numbers
of spectra recorded during the titration were 15, 16 and 12 for the
Cu''Triapine, Cu"-APTSC and Cu''-PTSC systems, respectively.
The pH range covered was 2-12.5 for Triapine and APTSC, and
2-10 for PTSC, as precipitation was observed at higher pH values
in the latter case. Measurements were also carried out at 1 mMm equi-
molar metal-to-ligand concentration ratios, but precipitation was
observed, which disappeared only at highly basic pH (pH = 11-13).
These spectra were also included in the simulation (one spectrum
in the case of APTSC, three for PTSC).

For several pH values, some sample (0.10 mL) was taken out of
the stock solution and was measured individually in a Dewar that
contained liquid nitrogen (at 77 K). Methanol (0.03 mL) was added
to the samples to ensure glass formation.

All recorded EPR spectra in the systems were simulated with a
spectrum deconvolution method by a computer program. The
series of isotropic spectra recorded during a titration were simu-
lated simultaneously by the “two-dimensional” 2D_EPR pro-
gram.B¢l Bach component curve was described by the isotropic
EPR parameters g,, A, and ay N hyperfine couplings, and the
relaxation parameters a, f and p, which define the line widths
through the equation oy = a + fM; + yM{? (in which M is the
magnetic quantum number of Cu nuclei). The concentrations of
the components were varied by fitting the formation constants de-
scribed by the following general equilibrium:

pM + ¢H + L = M,H/L,
p _ M H(L]
Mo [MPTHILY
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in which M denotes the metal ion and L the completely deproton-
ated ligand molecule.

Anisotropic spectra were fitted individually by the EPR program,
which gives the anisotropic EPR parameters (gyy, &> &-- and A,
Ay, A.., aN,,, aN,,, aN.., and the orientation-dependent line-
width parameters).?”1 Of the EPR spectra recorded at 77 K, only
two were selected and simulated, under conditions where a domi-
nant complex was formed. In the other cases, the quality of the

spectra was not good enough for simulation.

Since natural CuCl, was used for the measurements, the spectrum
of each species was calculated as the sum of the spectra of ¢*Cu
and ®°Cu weighted by their natural abundances. The Cu and N
coupling constants and the relaxation parameters are given in field
dimensions (gauss [G]; 1 G = 10# T). For each spectrum, the com-
puter programs provide the noise-corrected regression parameter
(Rj for the jth spectrum) derived from the average square deviation
between the experimental and the calculated spectrum. For the
series of spectra, the fit is characterized by the overall regression
coefficient R, calculated from the overall average square deviation.
The details of the statistical analysis were published previously.l¢]

ESI-MS Measurements: ESI-MS spectra were recorded with a
Waters Q-TOF Premier instrument (Micromass MS Technologies,
Manchester, UK) operating in positive ion mode. Samples were
introduced into the ESI source by the syringe pump of the instru-
ment. N, was used as nebulizer and cone gas, and the source tem-
perature was set to 120 °C. The capillary voltage was set to 3.8 kV.
Argon was employed as the collision gas and the collision energy
was —25 eV. The ChemDraw® Ultra (CambridgeSoft Corp.) com-
puter program was used for simulation of the theoretical isotope
distributions. Samples contained Triapine in concentration of
0.10 mm and the Cu(NO3),-to-ligand ratio was 1:2 in a nonbuffered
aqueous solution; and pH 7.40 was set by the addition of aqueous
NH; and HNO;.

Crystallographic Structure Determination: X-ray-diffraction-quality
crystals were obtained by slow evaporation of the aqueous solution
of Triapine hydrochloride formed in the last step of Triapine syn-
thesis.®l 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 the tip of a glass fibre and cooled under a stream of
cold N, maintained by a KRYOFLEX low-temperature apparatus.
The crystal was positioned at 40 mm from the detector, and 2390
frames were measured, each for 5s over 1° scan width. The data
were processed with SAINT software.*8! The structure was solved
by direct methods and refined by full-matrix least-squares tech-
niques. Non-hydrogen atoms were refined with anisotropic dis-
placement parameters. Hydrogen atoms were placed at calculated
positions and refined as riding atoms in the subsequent least-
squares model refinements. The isotropic thermal parameters were
estimated to be 1.2 times the values of the equivalent isotropic ther-
mal parameters of the atoms to which hydrogen atoms were bound.
The following computer programs were used: structure solution
(SHELXS-97); refinement (SHELXL-971) molecular diagrams
(ORTEP®!), computer: Pentium® 1V; scattering factors.[*?! Crystal
data and structure refinement details for TriapineHCI-H,O are
given in Table S2 in the Supporting Information.

CCDC-756635 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Figures show EPR and ESI-MS spectra; concentration
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distribution curves, pH-dependent chemical shifts, and 'H NMR
spectra and crystal data.
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