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A new octahedral Ru(IIl) complex with a tripodal tetraamine ligand, tpea = tris[2-(1-pyrazoyl)ethyl]amine, has
been prepared and characterized. The single crystal X-ray crystallographic study of the complex revealed that
the complex has a near octahedral geometry with the tetradentate ligand and two chloride ions. Peroxidase
activity was examined by observing the oxidation of 2,2'-azinobis(3-ethylbenzothiazoline)-6-sulfonic acid
(ABTS) with hydrogen peroxide in the presence of the complex. Amount of ABTS™ generated during the
reaction was monitored by UV/VIS and EPR spectroscopies. After the initiation of the peroxidase reaction,
ABTS™ concentration increases and then decreases after certain time, indicating that both ABTS and ABTS™
are the substrates of the peroxidase activity of the Ru(IIl) complex.
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Introduction

Ruthenium complexes have been widely developed to be
applied for pharmaceuticals,! precursors in a variety of
inorganic syntheses,” oxo-transfer catalysts,® photoinduced
energy,’ water oxidation,’ and others. Especially, recent
advances in the pharmaceutical applications of Ru(Ill)
complexes as anticancer drugs have brought much attention
to new developments of Ru(IIl) compounds.*' Among those,
octahedral Ru(IIT) complexes with chloride and heterocyclic
azole ligands have shown promising results.”!

For the clinical success of the complexes, understanding
the reactivities of the biomolecule-bound Ru(IIT) complexes
is necessitated. Because these anticancer octahedral Ru(III)
complexes tend to selectively bind to imine sites, such as the
histidyl imidazole nitrogens on proteins and the N7 sites on
the imidazole ring of the purine nucleotides, by replacing the
chloride ligands,' we have looked for the ligands which can
provide at least three heterocyclic azole groups and also
form an octahedral complexes. Tris(2-(1-pyrazolyl)ethyl)-
amine (tpea) containing three pyrazole groups is a potenti-
ally tetradentate tripodal tetraamine ligand. Several metal
complexes with the tpea ligand have been synthesized and
they usually have formed four or five coordinated com-
plexes."! However, two factors attracted us to choose the
ligand as a candidate for the octahedral Ru(IIl) model
complex: strong tendencies (i) toward the six-coordination
of Ru ions and (ii) the formation of six-membered chelate
rings with near perpendicular bite angles of tpea upon
coordination. In this study, we have used the tpea ligand to
synthesize a new model octahedral Ru(Ill) complex and
investigated its structure and physiological reactivity.

Experimental

Materials. Following chemicals were purchased from
commercial sources and were used without further puri-
fication: Pyrazole, tris(2-chloroethyl)amine hydrochloride,
potassium[aquapentachloro-rutheniumate(Ill)], and the di-
ammonium salt of 2,2'-azinobis(3-ethylbenzothiazoline)-6-
sulfonic acid (ABTS) from Sigma-Aldrich Chemical, and
hydrogen peroxide from Junsei Chemical. All solvents were
purified before use according to the standard procedures.

Physical Measurements. NMR (400 MHz) spectra were
recorded on a Bruker Advance Digital 400-NMR spectro-
meter and chemical shifts were recorded in ppm units.
Fourier transform infrared (FT-IR) spectra of samples were
recorded with a Bruker IFS 66v FT-IR spectrophotometer in
the region of 400 cm™' to 4000 cm™' using KBr pellets and
visible electronic spectra were recorded with a Scinco UV S-
2100 spectrophotometer. The elemental analysis was done
using a Perkin-Elmer 2400 CHN analyzer. X-Band (9 GHz)
EPR spectra were recorded on a Jeol JES-TE300 ESR
spectrometer using 100 kHz field modulation. Low temper-
ature EPR spectra were obtained using a Jeol ES-DVT3
variable temperature controller. Cyclic voltammetry (CV)
was carried out at room temperature with a CHI 620A
Electrochemical Analyzer (CHI Instrument Inc.) on 1 mM
samples in 3.0 mL CH3;CN, with 0.1 M #-BuN-ClO4 as
supporting electrolyte. Redox potentials were measured
relative to an Ag/Ag" reference electrode and determined as
potential vs ferrocene/ferrocenium (Fe/Fc') redox couple.

Preparation of tris[2-(1-pyrazoyl)ethyll]amine (tpea).
The tripodal ligand, tris[2-(1-pyrazoyl)ethyl]amine, was pre-
pared under a nitrogen atmosphere according to the literature
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method with a slight modification as follows."? 2.87 g (73
mmol) of sliced potassium was added slowly to a solution of
5.0 g (73 mmol) of dry pyrazole in 150 mL of dry THF.
After the solution was stirred for 6 hrs at RT and then 3 hrs at
60 °C, 50 mL of dry THF was additionally added into the
solution. 5.06 g (21 mmol) of tris(2-chloroethyl)amine
hydrochloride was slowly added to the resulting suspension.
The mixture was stirred vigorously for 60 hrs at 60 °C. The
residue obtained from vacuum evaporation of the solution
was treated with 100 mL of water, and the solution was
extracted with three 75 mL portions of benzene. The yellow
combined organic portion (benzene portion) was washed
twice with 50 mL each of a saturated aqueous NaCl solution
and then dried over Na,SO4. The solvent was evaporated to
yellow oil. '"H NMR in ppm (CDCls): 2.86-2.88 (t, 6H,
CH,), 3.82-3.83 (t, 6H, CH>), 6.11 (t, 3H, pyrazole), 6.74 (d,
3H, pyrazole), 7.35 (d, 3H, pyrazole); *C NMR in ppm
(CDClL3): 51 (CH»), 55 (CHy), 105 (pyrazole), 128-131
(pyrazole), 140 (pyrazole).

Synthesis of [Ru(IIl)(tpea)CL]ClO4 (1). A solution of
0.50 g (1.7 mmol) of the ligand tpea in 100 mL ethanol was
added dropwise to an 100 mL ethanolic suspension of
K5[RuCls(H20)] (0.5 g, 1.3 mmol) for 3 hrs at RT. The
mixture was further refluxed for 1 day at 100 °C. This was
filtered and the filtrate was evaporated to be concentrated.
After a few droplets of a saturated aqueous solution of
NaClO; was added to the concentrated solution, the perchlo-
rate salt of [Ru(IIl)(tpea)Cl,]" precipitated as a yellow solid.
(Scheme 1) Crystals suitable for X-ray analysis were
obtained at the interface of diethyl ether and the methylene
chloride solution of the precipitates after 2-3 days.
Elemental analysis calculated for CisH2CIs3N704Ru (mol.
wt. = 570.81): C, 31.56%; H, 3.71%; N, 17.18%. Found: C,
31.38%; H, 3.84%; and N 16.80%. FAB MS analysis: m/z,
ion, base; (+ ion mode) 471.05, [Ru(Ill)(tpea)CL]", 100%.
IR (KBr, cm™): 3437 (NH), 3125 (CH), 1631, 1273
(6HNH), 1413 (CHy), 1093, 626 (ClO).

X-ray Crystallographic Data Collection and Refine-
ment of the Structure. A yellow crystal of complex 1 was
sealed in a thin walled glass capillary and the diffraction data
were measured at 293 K on an Enraf-Nonius CAD-4
diffractometer using MoKa (A = 0.71073 A). The crystal
structure of complex 1 was solved by the direct method and
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refined by full-matrix least-squares calculation with the
SHELXTL software package.'> A summary of the crystal
and some crystallographic data are given in Table S1.
Supplementary crystallographic data (CIF), CCDC-833079,
for complex 1 can be obtained free of charge at www.ccdc.
cam.ac.uk/conts/retrieving.html or from the Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge
CB2 1EZ, UK (fax:+44 1223 336033, e-mail: deposit@
ccde.cam.ac.uk).

Peroxidase-activity Test. Peroxidase activity of the
complex was tested by observing the oxidation of the ABTS
with H,0; in the presence of the complex.'*'” The reaction
was initiated by adding 50 pL of the aqueous solution of
H,0, (4.0 x 107 mol) into 3 mL of an aqueous solution
containing complex 1 (1.0 x 107® mol) and ABTS (4.5 x 10”7
mol). The formation of the ABTS™ cation is followed by the
absorption peak at Amax = 650 nm (g = 12000 M'em™).

Results and Discussion

Crystal structure of [Ru(IIl)(tpea)Cl,]Cl04. Complex 1
crystallizes as a racemic compound in space group P2,/62;/
c2i/a (Pbca). Table S1 summarizes the crystal and refine-
ment data. The unit cell contains four enantiomer pairs and
eight perchlorate ions. Overall the structure of the crystal can
be viewed as a composition of [Ru(Ill)(tpea)Cl>]Cl1O4. The
oxidation number of ruthium ion is also confirmed by EPR
spectrum of complex 1 (see Figure 5). Figure 1 shows the
ORTEP drawing of one of the [Ru(Ill)(tpea)Cl]" cation
enantiomer pair. The tpea ligand tetradentately coordinates
to Ru(III) ion through three pyrazol N atoms and one tertiary
N atom. Two chloride ions occupy the remaining sites of the
octahedral geometry. This kind of Ru(Ill) complexes with
tetradentate tripodal tetraamine ligands has been structurally
characterized.'®* For complex 1, the chelation of the ligand
forming six-membered rings gives rise to the near octahedral
geometry with the bond angles around the Ru(III) ion close
to the perpendicular angles as in Table 1 (87.1(2)-95.1(3)°
and 176.2(3)-177.2(3)°). The bond length between the
Ru(Ill) ion and the apical tertiary amine N atom of the
ligand (2.165(9) A) is longer than those between the Ru(I1I)
ion and the pyrazol N atoms (2.037(9)-2.068(8) A). This
would be explained by the c-basicity of the donor N atoms
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Figure 1. ORTEP diagram of [Ru(Ill)(tpea)Cl,]" of complex 1
with 30% probability ellipsoids and atom numbering scheme.
Hydrogen atoms have been omitted for clarity.

Table 1. Selected bond lengths [A] and angles [°] for [Ru(IlI)-
(tpea)Cl>]Cl0O4 (1)

Bond lengths (A)

Rul-N1 2.165(9) Rul-N2 2.068(8)
Rul-N4 2.037(9) Rul-N6 2.068(8)
Rul-Cll 2.349(3) Rul-CI2 2.386(3)
Bond angles (°)

N1-Rul-N2 95.1(3) N1-Rul-N4 89.1(3)
N1-Rul-N6 87.8(3) N2-Rul-N4 89.3(3)
N2-Rul-N6 176.5(3) N4-Rul-N6 92.6(3)
N1-Rul-Cll 92.5(3) N2-Rul-Cll 87.1(2)
N4-Rul-Cll 176.2(3) N6-Rul-Cl1 90.9(2)
N1-Rul-CI2 177.2(3) N2-Rul-CI2 87.6(3)
N4-Rul-CI2 90.4(3) N6-Rul-CI2 89.4(3)
Cl1-Rul-CI2 88.26(10)

since the Ru(IIl) ion is not capable of back-bonding. The
Ru(II1)-Npyrazol bond lengths are comparable to the Ru(I1I)-
Npyridgine bond lengths of the reported Ru(Ill)(tpa) (tpa = tris-
(2-pyridylmethyl)amine) complexes: 2.078(5) A in [Ru(III)-
Cly(tpa)]ClO, and 2.098(6) A in [Ru(IIl)Cly(Metpa)]BF,."*
The Ru(Ill)-Cl bond lengths are the longest in the Ru
coordination sphere (2.349(3)-2.386(3) A). These are close to
those found in [Ru(II)Cly(tpa)]ClOs and [Ru(II)Cl,-
(Metpa)|BF4 (2.357(2)-2.386(3) A).?'*

The arrangement of the three chelate rings provided by the
tripodal ligand tpea cannot generate a chiral conformation.”
However, the chirality of the complex can arise from the six-
membered ligand ring itself.** Figure 2 depicts such enantio-
mer pair present in the crystal of complex 1. For the confor-
mational analysis of [Ru(Ill)(tpea)Cl]", it is appropriate to
consider the chelate rings as five-membered rings because
the connecting Niertiary-RU-Npyrazole-Npyrazole atoms in a chelate
six-membered ring is near in a plane with some deviations.
In that sense, the left of Figure 2 can be viewed as the dAA
ring conformation (N1-C14-C15-N7-N6-Rul is the & con-
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Figure 2. The enantiomer pair of [Ru(Il)(tpea)Cl,]" with atom
numbering scheme. Hydrogen atoms have been omitted for clarity.
The figures are the looking-down view through N1-Rul-CI2.
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Figure 3. Cyclic voltammograms of (a) I mM complex 1 and (b) 1

mM K>[Ru(IIT)(H20)Cls] in 0.1 M (n-BusN)-C104/CH3CN solution.
Scanning rate: 50 mV/s.

formation) and the right as the A8 ring conformation.**

Electrochemical Study of [Ru(IIT)(tpea)Cl] C10;: Figure
3 shows the cyclic voltammograms (CV) of complex 1 and
K5[Ru(IIT)(H,O)Cls] obtained in CH3CN with 0.1 M [(n-
Bu)4N]ClOy4 electrolyte at room temperature. For Ko[Ru(III)-
(H,O)Cls], one irreversible process with Eps = —0.49 V and
Epc =-1.20 V ascribed to Ru(III)/Ru(Il) is observed. In com-
plex 1, this irreversible Ru(III)/Ru(Il) process is observed at
Epa = —0.62 V and E,c = —-1.07 V. Complex 1 additionally
shows a reversible process with Ei» = 135 mV ascribed to
Ru(IV)/Ru(Ill) couple. This redox couple was not observed
in Ko[Ru(lII)(H20)CIs] in the range of —2 V to 2 V. This
observation indicates that the o-donating ability of the tpea
ligand containing three pyrazoyl groups and one tertiary
amine significantly lowers the oxidation potential of Ru(III)
ion to be readily oxidized.

Peroxidase Activity: Peroxidase activity of complex 1
was examined by observing the oxidation of ABTS by H,O,
in the presence of complex 1 at neutral pH.'*'” ABTS has
been used for the peroxidase-activity test because its
oxidized form, ABTS™, is a stable green radical with distinct
absorption bands at 420, 650, 740, and 835 nm while the
reduced form, ABTS, is colorless.'*!'"?* Figures 4(a) and
4(b) display the UV/VIS absorption spectra of ABTS +
H,0, and ABTS + complex 1, respectively. These feature-
less spectra were invariant for several hours. Peroxidase-like
reaction was initiated by adding 50 pL of an aqueous solu-
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Figure 4. The UV-VIS absorption spectra of (a, thin solid line)
ABTS + H>0,, (b, dashed line) ABTS + complex 1, and (c, thick
solid line) ABTS + HO, + complex 1. In each spectrum, the
amounts of ABTS, H,0,, and complex 1 are 4.5 x 1077 mol, 4.0 x
10~ mol, and 1 x 1078 mol, respectively, in 3 mL aqueous solution.
The spectrum (c) was taken about 100 sec after the reaction
initiated by adding 50 pL of an aqueous solution of H,O, (4.0 x 10~
* mol) into 3 mL of an aqueous solution containing complex 1 (1.0
x 1078 mol) and ABTS (4.5 x 1077 mol). Inset: the change of the
absorbance at A = 650 nm obtained from the reaction mixture,
ABTS + H,0, + complex 1, from 0 sec to 1800 sec.

tion of H,O, (4.0 x 107 mol) into 3 mL of an aqueous solu-
tion containing complex 1 (1.0 x 10~* mol) and ABTS (4.5 x
10" mol). The UV/VIS absorption spectrum of ABTS +
H>0, + complex 1 taken at about 100 sec after the reaction is
shown in Figure 4(c). The spectrum clearly reveals the
characteristic bands of ABTS™, indicating that ABTS is
oxidized only by complex 1 + H>O,. The absorption inten-
sity of ABTS™ starts increasing immediately after the mix-
ing and maximizes at ~300 sec. After that, the intensity
gradually decreases. (Inset of Figure 4). The quantitative
amount of the oxidized form, ABTS", can be estimated
from the intensity at A = 650 nm (g650 = 12,000 cm™' M ™)."?
The difference between the initial and the maximum inten-
sities at A = 650 nm indicates that the maximum concent-
ration of ABTS™ is 2.7 x 10~ M, implying that 8.1 x 107
mol of ABTS™ is present at ~300 s after the reaction.
Because the initial amount of complex 1 is much less than
the maximum amount of ABTS™ and HyO, is excessively
present, this clearly shows that complex 1 has a peroxidase
activity on ABTS. The decrease of ABTS™ after 300 sec can
be explained by further oxidation of ABTS™ to diamagnetic
ABTS?*, which has no absorption in visible region,?® by the
peroxidase activity of complex 1 on ABTS™.

The generation of ABTS™ was also monitored by electron
paramagnetic resonance (EPR). Figure 5 displays the EPR
spectra of ABTS and the reaction mixture. The frozen
methanolic aqueous solution of complex 1 + ABTS shows a
typical thombic EPR signal with g; =2.263, g, = 2.204, and
g3 = 1.852, revealing the low-spin d° configuration of the
Ru(IIl) complex.”’” (Figure 5(a)) A narrow and weak signal
at g = 2.008 (3252 G) originates from ABTS™ present as an
impurity. The spectrum taken at 4 minutes after the reaction
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Figure 5. The EPR spectra of (a) complex 1 + ABTS, (b) ABTS +
H>0, + complex 1 taken at 4 minutes after the reaction, and (c)
ABTS + H>O, + complex 1 taken at 30 minutes after the reaction.
The reaction was initiated by adding 50 pL of an aqueous solution
of H,0, (4.0 x 10™ mol) into 3 mL of an methanolic aqueous
solution containing complex 1 (1.0 x 107 mol) and ABTS (4.5 x
10”7 mol). EPR experimental conditions: microwave frequency,
9.139-9.141 GHz; modulation amplitude, 10 G; modulation fre-
quency, 100 kHz; time constant, 0.3 sec; scan time, 4 minutes; and
temperature, 110 K.

initiated by adding H>O, shows the Ru(Ill) complex signal
and a strong EPR signal of ABTS" generated by the reaction
(Figure 5(b)). In the spectrum taken at 30 minutes after the
reaction, the rhombic Ru(Ill) signal is much diminished and
the decreased ABTS™ signal is also observed. This observa-
tion is consistent with the UV/VIS absorption experiments
where the ABTS absorption bands gradually decrease after
300 sec due to further oxidation of ABTS™ to diamagnetic
ABTS*.

The UV/VIS absorption and EPR experiments clearly
manifest the oxidation of ABTS by complex 1 + H,Os,
neither by complex 1 nor H,O,. The decrease of both the
UV/VIS and EPR signals of ABTS™ after certain time implies
that ABTS™ is also the substrate of the peroxidase activity of
complex 1. It has been suggested the formation of Ru(V)=0
or Ru(IV)-OH species during the oxidation of hydroxyurea
with  H,O, by an Ru(Ill) complex.”® If the active
intermediate of the peroxidase reactivity of complex 1 were
Ru(V)=0, it would be detected by EPR. But our EPR
experiments have not observed any new signal. And the
characteristic absorption of a Ru(V)=0 species at A = 390
nm,”® which is often indicative of the formation of a
Ru(V)=0 species, were not observed. This tends to suggest
that a Ru(IV)-OH species is the active intermediate for the
oxidation of ABTS and ABTS™. However, Ru(V)=0 cannot
be completely ruled out because of the possibility that
Ru(V)=0 is a short-lived species and not accumulated
enough to be detected by EPR and UV/VIS. The in-depth
studies on the reaction are necessary for the suggestion.
Currently, vibrational and mass spectroscopic investigations
are underway to understand the catalytic mechanism.

Conclusions

A new anticancer octahedral Ru(Ill) complex, [Ru(III)-
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(tpea)CL](ClO4) (1), with a tripodal tetraamine ligand, tpea
= tris[2-(1-pyrazoyl)ethyl]amine, has been synthesized. X-
ray crystallographic study revealed that complex 1 has a
near octahedral geometry with the tetradentate ligand and
two chloride ions. CV of complex 1 found two redox
couples: one irreversible Ru(IIl)/Ru(Il) process and one
reversible Ru(IV)/Ru(Ill) process. Peroxidase activity was
examined by observing the oxidation of 2,2'-azinobis(3-
ethylbenzothiazoline)-6-sulfonic acid (ABTS) with hydro-
gen peroxide in the presence of complex 1. Amount of
ABTS™ present during the reaction was monitored by UV/
VIS and EPR spectroscopies. After the initiation of the
peroxidase reaction, ABTS™ concentration increases and
then decreases after certain time, indicating that both ABTS
and ABTS"™ are the substrates of the peroxidase activity of
the Ru(IIl) complex. It is suggestive that Ru(IV)-OH species
is the active intermediate for the oxidation of both ABTS
and ABTS™ though Ru(V)=0 cannot be completely ruled
out.
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