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A novel ruthenium complex has been synthesized. It is composed of three bipyridyl ligands, one of which is
modified and has two hydroxamate groups. Photoexcitation of the complex with bluellight<(477 nm)

leads to the formation of a long-lived nitroxyl radical on hydroxamate as was detected and characterized by
ESR. In anaerobic conditions, the radical was not formed, suggesting that a reactive oxygen species is required
for generating the nitroxyl radical. The quenching of the excited state of ruthenium bipyridyl complexes by
molecular oxygen can generate either singlet oxygen via energy transfer or superoxide radical via electron
transfer. In this latter case the superoxide radical is confined in a cage complex (vide infra). Singlet oxygen,
generated via energy transfer from Ru(ll) in its excited state, is the reactive species that is responsible for the
oxidation of the hydroxamate group to its corresponding nitroxyl radical. This was confirmed by using a
specific quencher (sodium azide) and by following the kinetics of the nitroxyl radical formation in deuterated
solvents. Moreover, we can turn on the electron-transfer pathway by liberating superoxide radicals and
producing a strong oxidant, Ru(lll), from the collision “cage” complex proposed earlier (Zhang, X.; Rodgers,
M. A. J.J. Phys. Cheml995 99, 12797 12803.) This was achieved using compounds with either chemical
(spin traps) or enzymatic (superoxide dismutase) affinity to superoxide radicals. Thus, the rate and yield of
the nitroxyl radical formation in the novel ruthenium complex can be increased by almost thirty times.

Introduction L2t + 30, ET . Rug? + 10, )
In the past two decades a tremendous effort has been made * oT
to utilize the powerful oxidation potential of photogenerated Rulg®* + %0, — Rulg®* + OfF 2)
ruthenium(lll) polypyridyl complexes to catalyze the oxidation
of watef~* and to photooxidize DNA and RNA:'C Further- [RuLg®--0x] + H* Rulg® + HO3 3
more, ruthenium complexes incorporated into specific sites of cage
proteins and nucleic acids were used to study photoinduced
electron-transfer processes in these biopolyrhéfs: neutral solutions, in the presence of hydroxyl and superoxide

In the presence of molecular oxygen, the quenching of excited radicals, hydroxamates of desferrioxamine are oxidized to
states of ruthenium tris(bipyridyl) may lead to one of two major relatively stable nitroxyl radicai:23Hydroxamates with bulky
processes. One is the generation of singlet oxygen and ground-groups form nitroxyl radicals in acidic solutions even at ambient
state ruthenium via energy transfer (eq 1); and the other is thelight.2* This effect has been attributed to the stabilization of
generation of superoxide radical and Ru(lll) via electron transfer the nitroxyl radical in acidic medium.

(eq 2). On the basis of transient absorption spectroscopy of We proposed that combining a ruthenium complex with
Ru(ll), Zhang and Rodgetshave suggested that in the latter hydroxamate groups in a single molecule should provide a useful
case, a “cage” complex consisting of Ru(lll) and superoxide tool to monitor photoinduced reactions between Ru(ll) and
radical could be formed. In neutral pH the cage complex is not molecular oxygen. We assumed that Ru(lll), an electron-transfer
liberated, thereby providing a zero quantum yield for the product with a high redox potentidky (RW?3+) = 1.29v 25
electron-transfer process. However, in acidic conditions (3 N could oxidize the hydroxamate to its corresponding nitroxy!
D2SQy), the proton can release the cage complex (eq 3) elevatingradical. Such a process may be monitored by following the
the guantum yield to 0.5%. formation of the nitroxyl radicals by ESR

Hydroxamates are bi-dentate ligands that are found in many  with this in mind, we synthesized a ruthenium tris-bipyridine
of the natural ion-binding molecules, especially the iron binding complex Ru-2), in which one of the bipyridyls was substituted
(siderophores) complexes. Desferrioxamine is one of suchwith two strands, each terminated by an hydroxamate group.
molecules. Due to its high affinity to Fe(lll), it generates an  Excitation of Ru-2 with blue light generates the nitroxyl
octahedral complex with a stability constant of18-1.21 In radical. In this case singlet oxygen, produced by energy transfer
from excitedRu-2, is the reactive oxygen species responsible
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enzyme-superoxide dismutase (SOD), the energy transfer mixture was left to stir overnight at room temperature. After
pathway was switched to the electron transfer pathway providing removal of the solvents, the residue was purified by column

effective generation of Ru(lll). Ru(lll) dramatically enhanced

(thirty times) the generation of the nitroxyl radicals. This result
supports the hypothesis of the “cage complex” formed in our
Ru (II) complex.

Experimental Section

Instrumentation. 'H NMR spectra were measured on an
Avance DPX-400 MHz or DPX-250 MHz spectrometers
(Bruker) using the solvent deuterium signal as an internal
reference. AllJ values are given in Hertz. IR spectra were
recorded on a Proge 460 FTIR spectrometer. UV/Vis spectra

chromatography, using mixtures of MeOH/CHQD—5%) as
eluent. A 410 mg quantity of compourtd (50% vyield) as
obtained.

IH NMR (250 MHz, CDC}) 6 = 8.80 (d,J = 5 Hz, 2H,
bipy 6,8), 8.72 (m, 2H, bipy 5,9, 7.76 (m, 2H, bipy 3,3,
7.42 (m, 2H, COM), 5.00-5.15 (ov, 2H of THP and 2H of
NHCH), 4.05, 3.65 (m, 4H of THP), 3.43, 3.36 (s, 6H, Ng),
1.66 (br, 12H, THP), 1.48 (m, 6H, CH®). IR (CHCL): v =
1640 cn1! (CONO).

Ru-1was prepared by refluxing compouBbd130 mg, 0.078
mmol) and Ru(bipy)Cl,-6H,0O (109 mg, 0.078 mmol) in an

were measured with a Hewlett-Packard model 8450A diode 80% éthanolic solution o4 h under argon. The solvent was
array spectrophotometer. LCQ mass spectra were taken at thd€moved under vacuum and the .compou.nd was purified by
Protein Center of the Technion, Haifa. Flash chromatography column c.hror.natography eluting with GBN: BuOH: 0.2 M
was performed using Merck 230-400 mesh silica gel. Thin-layer KNOs (8:0.5:1.5). A 178 mg quantity of the Ru-complex

chromatography (TLC) on 60 F-254 silica gel was visualized
by UV light and by one or more of the following reagents:
ninhydrine, basic KMn@ solution, iodine, or by FeGlin

Ru-1 (83% yield) was obtained.
1H NMR (400 MHz, CDC}) 6 9.87 (m, 2H, s-bipy 3,3,
9.2 (br, 2H, CONH), 8.70 (m, 4H, bipy 3,3, 8.05 (m, 4H, bipy

MeOH. X-band ESR spectra were recorded on an electron spin4,4), 7.90 (m, 2H, s-bipy 5,3, 7.76 (m, 4H, bipy 6,9, 7.64
resonance ER 200D-SRC spectrometer (Bruker) at room tem-(m, 2H, s-bipy 6,8, 7.45 (m, 4H, bipy 5,9, 5.31 (br, 2H, THP),

perature using a flat quartz cell (#Q). For computer simulation

4.85, 5.00 (br, 2H, NHE), 4.00 and 3.65 (m, 4H of THP),

of ESR spectra the public ESR software distribution developed 3.30-3.36 (ov, 6H, N&15), 1.56-1.66 (ov, 12H, THP and 6H,

by D. R. Duling (NIEHS) was used.
Solvent and Reagent PretreatmentDichloromethane (DCM)

CHCH3). IR (KBr): v 1640 cnt! (CONO).
Ru-2 was prepared by dissolving 78 mg 8u-1 (0.076

was dried by passing the solvent through a basic alumina mmol) in acetic acid: water (1:1) and heating to®Dfor 1 h.

column. Tetrahydrofuran (THF) was distilled from Na under
argon.cis-Dichloro bis(2,2-bipyridine) ruthenium(ll) dihydrate

The solvent was evaporated and the compound was dissolved
in minimum amount of MeOH and added into a cold diethyl

was purchased from STREM chemicals. All enzymes (super- ether solution. The flask was left overnight at’@ and the
oxide dismutase, catalase, cytochrome C, and xanthine oxidase);ompound was filtered and washed with diethyl ether. A 57
chemicals, and reagents were purchased from Sigma. Doubleng quantity ofRu 2 (97% yield) was obtained.

distilled water and spectroscopic grade {CiN were used for

H NMR (400 MHz, COxCN + 10% MeOH-d): ¢ = 9.34

ESR experiments. Where necessary, reactions were carried oufs, 2H, s-bipy 3,3, 8.53 (d,J = 7 Hz, 4H, bipy 3,3, 8.03 (m,

in argon atmosphere.
Catalytic Activity of Enzymes. Enzymatic activity of

4H, bipy 4,4), 7.86 (d,J = 5.7 Hz, 2H, s-bipy 5,9, 7.72 (ov,
4H of bipy 6,8 and 2H of s-bipy 6,9, 7.39 (m, 4H, bipy 5,5,

catalase was assessed by adding the solution of enzyme irb.17 (m, H, NHCH), 3.18 (s, 6H, NE3), 1.36 (m, 6H,
phosphate buffer (PBS) to solution of hydrogen peroxide in the CHCH3). IR (KBr): v = 1635 cnt! (CONO).
same buffer. The time-dependent decrease of absorption of UV/Vis: Amax (€) = 289 (47200) and 477 (8800) nm.

hydrogen peroxide at 240 nra € 43 M~! cm™1) provided the
value of the enzymatic activity. Activity of SOD was measured

MS-ES: m/z = 858 [M—H]*.

in a xanthine/xanthine oxidase and cytochrome C system poq its and Discussion

according to McCord and Fridovich.
ESR Experiments. The ESR experiments were carried out
in CH3CN/H,0 (93:7), PBS or DDW. A flat cell of 7L was

Preparation of Ruthenium Complex (Ru-2). The strategy
used for the synthesis of the complex is illustrated in Scheme

used in all experiments when the recording of ESR spectra werel. The synthetic approach was to initially prepare the sub-

accompanied by illumination of the cell. A 150 W lamp (Schott
model KL 1500 LCD) adjusted with different filters was used

stituted bipyridine %) derivative and then to react it wittis-
Ru(bipy):Cl,-2H,O. This was done by coupling the active

as a light source. Ruthenium complexes were illuminated using ester of L-Cbz-Ala {) with N-methyl hydroxylamine, which

a blue filter (386-500 nm). In the experiments with Rose
Bengal, a yellow filter { > 520 nm) was used.
Synthesis. Abbreviations for the NMR spectra are as fol-

lows: s-bipy means substituted bipyridine, bipy means unsub-
stituted bipyridines, and ov refers to overlapping proton peaks.

Proton correlation for the ruthenium complexd®ufl and
Ru-2) was established by COESM NMR.

Compound5 was synthesized according to Szemes &t al.
with slight modifications: Bipy-4,4dicarboxylic acid (328 mg,
1.34 mmol) was suspended in SQ@hd was refluxed under
argon for 5 h. Excess SO{has evaporated, the diacyl chloride
was dissolved in dry THF and triethylamine (44b, 3 mmol)
was added. Compourf(590 mg, 2.75 mmol) dissolved in THF

yielded the hydroxamate2).?® Protection of the OH group
of the hydroxamate with TH® (3) and removal of the
benzyl carbamate protection group by hydrogendtigielded
compound4, which had a free amine group. This compound
was then coupled to the 4dicarboxy-2,2-bipyridine, which
was previously synthesized from 4gdimethyl-2,2-bipyri-
dine?! and yielded compoun8. This derivative andis-Ru-
(bipy)Cl*2H,O were refluxed in 80% ethanol yielding
Ru-1, which was further heated in AcOHZB to give the nitrate
salt of Ru-2.

1. Energy Transfer in Ruthenium Compl&u¢2). Photoex-
citation of Ru-2 in a CHsCN/H,O solution by visible light led
to the formation of a radical with g-factor of 2.0061 (Figure

was added to the reaction mixture. The pH of the reaction was 1a). We assume that the unpaired electron of the radical is
adjusted to eight by adding triethylamine, and the reaction split by the nitrogenl(= 1) of the hydroxamate and by three
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protons (3 *I = 1/2) of the neighboring methyl group generating singlet oxygen molecules that are formed via energy transfer
a 12-line ESR signal. from the excited ruthenium bipyridyl complex to molecular
A computer-simulated spectrum of suctNanethyl hydrox- oxygen. To prove that singlet oxygen leads to the generation
amate radical is very similar to the experimental spectrum of the nitroxyl radical in our complex, the following experiments
(Figure 1b). The calculated hyperfine coupling constants are have been conducted:
ay = 6.83 G anday =7.87 G. These values are in accordance 1. The rate of appearance of the nitroxyl radical in ESR during
with those observed for the radical &-methylN-acetyl- irradiation ofRu-2 in the presence of sodium azide (NaM/as
hydroxylamine®2 Scheme 2 presents the ruthenium complex monitored. A very small ESR signal (less than 1% the intensity)
(Ru-2-radical) in which the nitroxyl radical is formed on either  was generated (Figure 2). This observation is explained by the

one of the two strands of the molecule. fact that NaN quenches singlet oxygé#:3® In a control
To evaluate the role of molecular oxygen on the formation experiment it was found that NaNhas a minor effect on the
of the nitroxyl radical, we prepared a sample RfI-2 in fluorescence spectrum of ruthenium(ll) (data not shown), which

anaerobic conditions. No ESR signal was observed uponsuggests that the observed effect on the nitroxyl radical

irradiation, an observation that has emphasized the role of bothformation is due to quenching of singlet oxygen by Naather

molecular oxygen and light for the formation of the nitroxyl than quenching of the MLCT states of the complex.

radical. 2. It is well documented that the steady-state concentration
Irradiation of ruthenium bipyridyl complexes in neutral pH of singlet oxygen is higher in deuterated solvents, due to the

solutions generates reactive oxygen spetighiese species are  increase of its lifetimé&3° Therefore we anticipated that in
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Figure 1. ESR spectrum of the nitroxyl radical; (a) experimental and
(b) computer Simulationay = 6.83 G,aH) = 7.87 G.
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evidence that the oxidation process is more effectiveRio2
than for TEMP (see Figure 3).

Thus, singlet oxygen is the reactive oxygen species that once
generated in the system, leads to the formation of the nitroxyl
radical. The mechanism, which is presented in eg8,4s based
solely on the energy-transfer process from the excited ruthenium
complex to molecular oxygen.

hv

*
Ru-2(l1)
ET

Ru-2(Il) (4)
®)

(6)

* 1
Ru-2(ll) + 30, Ru-2(ll) + 'O,

Ru-2(Ily + 10, — Ru-2(ll)-radical

Irradiation of Ru-2 in a neutral pH buffer solution induces
the formation of nitroxyl radicals, although the effect is less
pronounced than that obtained for €EN/H,O solution. It can
be attributed to the shorter lifetime of singlet oxygen in water
(4.2 us) than in acetonitrile (5gs)3°

Ruthenium poly-pyridyl complexes in their excited state are
efficient in reducing metal ions such as cogpet’ and irory 55
and can reduce molecular oxygen to superoxide radi€dts.
our case, this reduction (via electron transfer) is assumed to be
inefficient, since the cage complex that may be formed (eq 7)

deuterated solvents the process of the nitroxyl radical formation decays rapidly to the ruthenium complex in its ground state and

would be amplified. Monitoring the formation of the nitroxyl
radical shows that ird-solvent mixture, (QO/CDs;CN), the
formation of the radical is very fast and after ca. twenty minutes
of irradiation the concentration of the nitroxyl radical has not

yet reached a steady-state level. For the nondeuterated solvent

mixture, a significantly lower steady-state concentration of the
nitroxyl radical was obtained (Figure 2).

3. Tetramethyl piperidone (TEMP) is a spin trap commonly
used for the detection of singlet oxygen in chemical and
biological system&%4! It forms a spin adduct, which consists
of a stable nitroxyl radical (TEMPO), producing a triplet ESR
spectrunt? Irradiation of Ru-2 (1.8 mM) in the presence of
TEMP (100 mM) has vyielded an ESR signal, which is the
superposition of the ESR spectra of TEMP& £14.8 G) and
our nitroxyl radical (Figure 3). The integral intensities of the
observed radicals were comparable; however, [TEMP]/[Ru-2]

molecular oxygeR?

Ru2) - Ri-2my + 30, =~ [Ru-201)-05] @
J

Back e T

2. Electron Transfer in Ruthenium CompleRut2). 2.a.
Electron Transfer inRu-2 by Chemical RecognitionThe
possibility of Ru(lll) generation by oxidation of Ru(ll) by a
sacrificial electron acceptor or by molecular oxygen was
explored. In the latter case the idea was to liberate the super-
oxide radical from its cage complex, thereby producing
Ru(lll). Ru(lll) has a high oxidation potentf&> which may
lead to the formation of our nitroxyl radical and Ru(ll).

Several experiments were performed:

1. Solutions ofRu-2 (1 mM) and ammonium persulfate (10

~ 50. Hence, the hydroxamate moiety and TEMP are competing mM), as a sacrificial electron acceptor, were prepared either in

for singlet oxygen produced under irradiation of our complex,
and the reaction oRu-2 with singlet oxygen is much more
efficient than that of TEMP.

Formation of nitroxyl radical in hydroxamic acids by the

CH3CN/H20 or in HO and the spontaneous formation of the
nitroxyl radical via oxidation by Ru(lIfY was observed in
ambient light. More than a 10-fold increase of the nitroxyl
radical formation was observed upon light excitation (data not

attack of singlet oxygen was not reported before. Therefore we shown).
decided to use a known source of singlet oxygen to examine 2. As an additional electron acceptor, we used Co(EDTA)

the formation of the nitroxyl radical. This was done by studying
a model compound containing a bis-hydroxamate ligand with-
out the ruthenium tris-bipyridine core. The model compound
(m-2), which was synthesized in our laboratdfjis depicted
in Scheme 3. As a control experiment, a solution of Rose
Bengaf® was irradiated using a yellow filted (> 520 nm) in
the presence of TEMP. The typical triplety(= 14.9 G), charac-
teristic of the paramagnetic TEMP adduct, TEMPO, indicated
the production of singlet oxygen. Photoexcitation of the Rose
Bengal solution in the presence -2 produced the nitroxyl
radical ESR spectrum, which increased with irradiation time.
The signal intensity of the nitroxyl radical formed under
irradiation of Ru-2 solution was 6-fold higher that that for
equimolar solution of Ru(bipy)andm-2. This may be attributed
to the close proximity of the hydroxamate moiety to the
ruthenium(ll) ion in the bipyridyl complex, i.e., the pathway of
singlet oxygen should be very short. This adds additional

that can oxidize Ru(ll)* to Ru(Il18 Stimulation of the nitroxyl
radical was observed in a mixtureRt-2 and Co(EDTA) under
continuous irradiation.

These two experiments show that the direct oxidation of
Ru(Il)* to Ru(lll) can stimulate the generation of the nitroxyl
radical in our system.

3. To liberate superoxide radicals from our cage complex and
thereby to produce Ru(lll), we used a traditional spin trap,
N-tert-butyl-o-phenylnitrone (PBN). PBN reacts with reactive
oxygen species, such as hydroxyl and superoxide raditéfls.
The addition of PBN to both C}CN/H,O and HO solutions
of Ru-2 has yielded a rapid enhancement of the formation of
the 12 line ESR spectra of our nitroxyl radical on the hydrox-
amate group under irradiation. Monitoring the changes in
intensity of the peak of the radical (a doublet at 3273.7 G) with
time in the presence/absence of PBN has revealed a totally
different behavior for the two cases (Figure 4). Addition of PBN
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Figure 2. The kinetic profile of the radical formation of the nitroxyl
radical for irradiated solution oRu-2 (1 mM) in (a) deuterated, (b)
nondeuterated solvents, and (C) the presence of 1 mMsNaN

—
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Figure 3. ESR spectrum of the nitroxyl radical superimposed on the
TEMPO radical for irradiated solution d&tu-2 (1.8 mM) and TEMP
(0.1 M). Microwave power 8 mV, modulation amplitugde 0.5 G.

Time (s)
Figure 4. The kinetic profile of the nitroxyl radical formation for
irradiated solution oRu-2 (1 mM) in the presence (a) and absence (b)
of PBN (0.05 M). The ESR signal was fixed at 3273.7 G (doublet)
and recorded with a receiver gain 0&510* and modulation amplitude
of 2 G.

SCHEME 3

% CHj
N
H3C><O H L o
o)
H3C o H OH
CH3

of the hydroxamate was stimulated significantly by another
popular spin trap DMPO (data not shown).

To support this assumption, a sampleRxi-2 and PBN in
CH3CN/H,O was prepared and irradiated under argon. No

was found to increase dramatically the nitroxyl radical formation radical formation was observed, indicating that the PBN
reaching a short steady-state level where after a rapid decreas@T.0|eCU|e reacts with the reactive oxygen species rather than
in the nitroxyl radical ESR signal is observed. This decrease with the ruthenium complex itself. When the sample was

may be attributed to the further oxidation of the nitroxyl radical
to its corresponding diamagnetic N-oxo-ammoniunfiar to
the loss of radicals by termination of two adjacent nitroxyl
radicals. In the case of irradiation &fu-2 without PBN, a

exposed to air and irradiated, the formation of the radical was
observed.

To obtain a clearer view of the reactive oxygen species that
are involved in our system, we irradiated the hydroxamate-

monotonic linear increase of the nitroxyl radical is due to the protected ruthenium comple®R(-1) in the presence of PBN

oxidation of the hydroxamate by singlet oxygen (vide supra).

and DMPO. The valueay = 14.15 G andby = 2.12 G for the

Apparently, PBN can release superoxide from the cage spin adduct of PBN (Figure 5b) are nearly the same as the
complex by forming the superoxide-adduct thereby liberating hyperfine constants of PBN with superoxide and hydroxyl

Ru-2(Ill), which, in turn, oxidizes the hydroxamate to its

radicals®? In the case of DMPO, a quartet with an intensity

corresponding nitroxyl radical. Appearance of nitroxyl radicals ratio of 1:2:2:1 and hyperfine constarss = ay = 14.8 G was
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(a) Ru-1+DMPO in Water /\f /\[ J\[ I\f

MA = 1.0G
RG = 5.0%10°

(b) Rut+PBN in CH3CNH20

MA = 1.0G
RG = 3.2*105

—
10G

Figure 5. ESR Spectra of 1 mNRu-1 irradiated with two different spin traps: (a) 50 mM DMPO, and (b) 50 mM PBN. Microwave pew20
mV.

observed (Figure 5a). Such an ESR spectrum is characteristic 4
of the spin adduct of DMPO with OH radical. However, it may 30
also result from a spontaneous transition of the DMRIIDH
adducté? 25
ESR signals of the adducts of PBN and DMPO with oxygen >
radicals were registered upon irradiation of the complex. These @ 20
spectra support the assumption that the superoxide radicals are £ 5
liberated from the cage by interaction of the oxygen radicals = < 15 Au2+S0D
with the spin traps. Based on these findings, the following d‘c‘é »L
mechanism (eqs-79) is proposed: 10
- 5 A2 Ru2+50D+Catal
Rl + 20, — = [Ru-20)--05 122X ru2qy + 30, ) v T e
[Ru-201)—-05 ]+ PBN —— Ru-2(ill) + PBN-adduct ®) 0 0 100 200 300 400 500
Ru-2(lll) —2X»  Ru-2(ll)-radical ©) Time (s)

Figure 6. The effect of enzymes on the nitroxyl radical formation
. . -, while irradiating a solution oRu-2 (1.8 mM). The ESR signal was

2.b. Electron Transfer irRu-2 by Enzymatic Recognition. a4 at 3625 G (singlet) and recorded with a receiver gain of %25
As was observed, a relatively small molecule, such as PBN, 1¢5 and modulation amplitude of 1 G.

chemically reacts with oxygen radicals in the cage complexes,
thereby producing the powerful oxidant, Ru(lll). The question Ru-2(1) o RU-2(ll) ot T 002+ 4 Ru-2(1l)

was whether it would be possible for large molecules, such as Co¥*
enzymes, to recognize the superoxide radical in its cage Energy / Electron
Comp|ex Transfer, O, Tnnsfer,02
Superoxide dismutase (SOD) and catalase catalyze the _
following reactions (eqs 10 and 11): Ru-2(1) + 10, [Ru-2(1) + 07°]
Cage
205 + 2H* SOD H20, + Oz (10)
Ru-2(1ll) <——— TS
Ho00 —>0atalase H>0 + 1/20, (11) ] u-2(1i) SOD
Nitroxyl
Radical

. - . . - Ni 1 --—
In fact, irradiation of buffer solutions dRu-2 in the presence Ru-2(1) + RL‘;"Z;Y

of SOD enhanced significantly (ca. 10-fold) the formation of Figure 7. The miscellaneous photoinduced processes observed for the
nitroxyl radicals. Addition of catalase to the solution had a minor novel ruthenium compleRu-2.

effect on the radical formation, excluding hydrogen peroxide ] ] )

and its products (namely, hydroxyl radicals) as contributors to location on DNA or proteins may provide a powerful tool for
the nitroxyl radical formation. A kinetic profile showing the ~Studying electron-transfer processes.

enzymatic effect on the nitroxyl radical formation is presented
in Figure 6. Obviously, the affinity of SOD to superoxide
radicals is sufficient to liberate the cage complex and produce We have shown that in the novel ruthenium compRax-2

Summary

Ru(lln). there are two different pathways for generating nitroxy! radi-
Ru(lll) is widely used to study long-range electron transfer cals: energy- or electron-transfer pathway (Figure 7).
in biopolymerst416.17 Our finding that hydroxamic acid is Photoexcitation oRu-2 produces a nitroxyl radical on the

extremely sensitive to oxidation by Ru(lll) opens up new hydroxamate group due to singlet oxygen formed efeergy
possibilities for studying such processes. Incorporation of both transfer from the excited ruthenium complex to molecular
ruthenium complexes and hydroxamates into a designatedoxygen. The efficiency of this process is low. By supplying an
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external trigger (a spin trap or superoxide dismutase) that has (23) Morehouse, K. M.; Flitter, W. D.; Mason, R. PEBS Lett.1987,
i ‘o affin ; ; 222, 246-250.

a chemical/enzymatic affinity to superoxide radicals, we relegse (24) Hinojosa, O.: Jacks, T. J.: Calamari, T. A Thibodeaux, D. P.
the. cage complex fqrmed bgtwgen Ru(lll) and superoxide ppoochem. Photobioll989 49, 1-5.
radical, thereby practically switching the energy-transfer path-  (25) Kalyanasundaram, KCoord. Chem. Re 1982, 46, 159-244.
way to that of anelectron transfer.This, in turn, enhances 605(52"%6) McCord, J. M.; Fridovich, 1J. Biol. Chem.1969 244, 6049
dr?m_an(l:(ally the r?ltroxyl Ladlcal formatlo? l:r:yé:a. 3|0 tlrges.l (27) Szemes, F.; Hesek, D.; Chen, Z.; Dent, S. W.; Drew, M. G. B.;

t is known that 'n. t e presenqe or hy rOXY ra !Ca S, Goulden, A. J.; Graydon, A. R.; Grieve, A.; Mortimer, R. J.; Wear, T.;
hydroxamates are oxidized to their corresponding nitroxyl weightman, J. S.; Beer, P. norg. Chem.1996 35, 5868-5879.
radicals®* As shown in this study, hydroxamates are also 32(213)67'3?:1617% I.; Libman, J.; Agi, Y.; Shanzer, Anorg. Chem.1993
sensitive to smgletl oxygen. .Hence‘ Sl’.“.:h compounds may.be ’(29) Bernad.y, K. F.; Floyd, M. B.; Poletto, J. F.; Weiss, MJJOrg.
used as nonselective but highly sensitive probes for sensingchem.1979 44 1438-1447,

reactive oxygen species, which is relevant for oxidative stress  (30) Bergmann, M.; Zervas, IBer. 1932 65, 1192-1201.
in biological systems. (31) Garelli, N.; Vierling, P.J. Org. Chem1992 57, 3046-3051.

; ; Tr ; (32) Green, E. S. R.; Evans, H.; Rice-Evans, P.; Davies, M. J.; Salah,
Finally, according to our findings, both ruthenium complexes N.: Rice-Evans, CBiochem. Pharmacoll993 45, 357—366.

and hydroxamates seem to be an advantageous couple for '33) zang, L.; Misra, B. R.; Van-Kuiik, F. J. M. G.; Misra, H. P.
studying electron transfer stimulated by Ru(lll) in biopolymers. Biochem. Mol. Biol. Int1995 37, 1187-1195.

(34) Hasty, N.; Merkel, P. B.; Radlick, P.; Kearns, D. Retrahedron
g Lett. 1972 1, 49-52.
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