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Abstract: The spin trap 5,5-dimethyl-1-pyrrolind-oxide (DMPO) is frequently used to identify free radicals that

are generated photochemically using dyes as photosensitizers. When oxygen is present in such systems, singlet
oxygen {O,) may be produced and can react with DMPO. We have studied the reaction of DMPQQyith
aqueous solutions over a wide range of pH, using micellar Rose Bengal-{fiB)2nd anthrapyrazole (pH 2) as
photosensitizers. We found that DMPO quenct@sphosphorescencé(= 1.2 x 10f M~1 s71), thereby initiating
oxygen consumption that is slow at pH 10 but increases about 10-fold at pH This oxygen consumption is a
composite process that includes efficient oxidation of both DMPO and its degradation products. The oxidation
products include both products in which the DMPO pyrroline ring remains intact (DMRBOand 5,5-dimethyl-
2-oxo-pyrroline-1-oxyl (DMPOX) radicals) and those in which it becomes opened (nitro and nitroso products). The
nitroso product itself strongly quenché®, phosphorescence, while (photo)decomposition of the nitroso group,
presumably to nitric oxide (N, produced nitrite as a minor product. We propose Hatadds to the> C=N(O)

bond in DMPO, producing a biradicat, C(OO)—N*(O). This biradical may follow one of two pathways: (i) It

may be protonated and rearrange to a strongly oxidizing nitronium-like moiety, which could be reduced to the DMPO
hydroperoxide radical DMP@D;H while oxidizing another DMPO moiety to ultimately form DMPOX. The DMPO/
*O;H could undergo further redox decomposition, eig.the known Fenton-like reaction, to produce both f@&l

radical and the DMPQDH radical. (ii) The biradicab C(OO)—N*(O) may cyclize to a 1,2,3-trioxide (ozonide),
which could open the pyrroline ring to form 4-methyl-4-nitropentan-1-al and 4-methyl-4-nitrosopentanoic acid.
Because the oxidation of DMPO B, leads to both rapid ©depletion and the formation of transients and products
that might interfere with trapping and identification of free radicals, DMPO should be used with caution in systems
wherelO; is produced.

Introduction solutions. For example, Ching and Fobteave shown that

h idati f d ; dical irradiation of methylene blue in the presence of 2,4,4-trimethyl-
Photoxidative processes often produce free radicals as; v qrolineN-oxide @) in CDCI; solution at—55 °C results in

transient species that can be identified by using radical trapping i, o aneaddition of10, to yield peroxide3. In contrast, nitrone

agenté (‘fspln trgps”). Spm traps react with “tra'n5|ent fre% 4 was unchanged by similar treatméntarbour and co-workers
radicals in solution to yield stable products, “spin adducts”,

which can be observed directly by EPR spectroscopy. The ideal
spin trap should be reactive enough to scavenge the free radical-
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reactive but nonradical species. ° Me
The nitrone spin trap 5,5-dimethyl-1-pyrroliné-oxide (1,
DMPO) is widely used to provide evidence for the involvement 1 2 3
of free radicals in many chemical and biological reacti®ns.
DMPO is particularly useful for identifying oxygen-centered have studied the reaction 89, generated from methylene blue
radicals, e.g. superoxide radical anion, peroxyl, alkoxyl, and with several nitrones, including DMPO, in aqueous soluffon.
hydroxyl radicals, because the resultant spin adducts haveOn the basis of oxygen consumption measurements, the rate
characteristic EPR parametetsind can be readily distinguished  constant forfO, quenching by DMPO was estimated by these
from other adducts. These oxygen-centered radicals are fre-workers to be 1.8« 10’ M=% s in D;0, although the pD was
quently generated in photochemical systems that use dyes amot specified?
photosensitizers. However, such dyes frequently also generate During photooxidation of DMPO by methylene blffe,
singlet oxygenlO,. Thus, when DMPO or other nitrones are Harbour and co-workers observed the EPR spectrum of the
used to identify radicals generated in photochemical systems,DMPO/OH adduct. DMPOOH was also detected by Feix and
it is important to understand the possible reactions that may Kalyanaraman when an aqueous solution of Merocyanine-540
occur between the spin trap at0.. was irradiated in the presence of DMPOThese workers
Singlet oxygen generated via methylene blue photosensiti- demonstrated that only about one-half of the DM®B!
zation is known to oxidize nitrones in organic and aqueous resulted from the trapping of freely diffusibi®H by DMPO.
They postulated thatO, reacted with DMPO to yield an
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Oxidation of 5,5-Dimethyl-1-pyrroline N-Oxide

unidentified intermediate, [DMP&0,], which decomposed to
DMPOFOH and free hydroxyl radicdP

In strongly oxidative environments, DMPO may be oxidized
to 5,5-dimethyl-2-oxopyrroline-1-oxyl (DMPOX), which is
readily identifiable by its characteristic EPR spectiurSome-

times other unexpected EPR signal(s) that are typical of nitroso
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Absorption spectra were recorded on a HP 8451A diode array
spectrophotometer (Hewlett-Packard Instrument Co., Palo Alto, CA).
Transient absorption was measured using a PRA flash photolysis
systen’® EPR spectra were recorded on a Varian EPR spectrometer
(Palo Alto, CA), E-Line Century Series, as previously descrifed.

Using RB, a very efficientO, generator, we established that DMPO
in concentrations up to 0.2 M does not quench the RB triplet. The

spin adducts are also observed from chemically or enzymatically |ifetime of the radical cation of RB, which is produceda self-

oxidized DMPQOf However, to our knowledge, the production
of DMPOX, nitroso, and nitro compounds froHd,-oxidized
DMPO has not been reported previously.

guenching, was decreased somewhat by DMPO. This suggests that
DMPO may be oxidized by this radical cation. However, when oxygen

was present in solution, the RB triplet was mainly quenched by energy

The purpose of the present study was to investigate the transfer to dioxygen with little or no formation of dye radicala self-

oxidation of DMPO by!O, in agueous solutions. We have
found that!O, initiates DMPO degradation, a process whose
efficiency depends on pH. We have identified products that

are EPR active or that may affect the spin-trapping process and
propose a comprehensive DMPO photooxidation mechanism.

Materials and Methods

DMPO (Aldrich, Chemical Co. Milwaukee, WI) was vacuum
distilled and stored at-20 °C. 2-Methyl-2-nitrosopropane dimer
(MNP), 3,3,5,5-tetramethyl-1-pyrrolind-oxide (MsPO), Rose Bengal
(RB) phenalenone, and NADH were purchased from Aldrich Chemical
Co. (Milwaukee, WI). YO, containing 64.2% of'’0O atoms was
purchased from Isotec Inc. (Miamisburg, OH). The anthrapyrazole PD
110095 was a gift from Prof. J. W. Lown of the University of Alberta,

Canada. Chemicals used to prepare micellar solutions of RB and the

properties of micellar RB have been described previolsIigHELEX
100 (Bio-Rad, Richmond, CA) was washed four times with warm water,
filtered, and dried in a desiccator. The buffers were prepared from

components of reagent grade or better, and their pH was measured usinQi e

a glass electrode. Unless indicated, phosphat@ &nd HO buffers
were treated with CHELEX 100 ion exchange resin in the dark
(“chelexed”) to remove heavy metal impurities. 4-Methyl-4-nitropen-
tan-1-al (1) and 4-methyl-4-nitrosopentanoic acig),(putative pho-
toproducts from DMPO photooxidation, were synthesized by the
methods of Bonnetet al® and Clarket.al.? respectively.

guenching. Therefore, we believe that in our samples DMPO was
oxidized solely by théO, pathway.

Rose Bengal in appropriate micellar solutithsensitizesO,
generation over a wider pH range (pH-22) than free dyé? Rose
Bengal in acidic solutions (pH< 5) forms a colorless lactam. In
contrast, RB sequestered in cationic micelles is less accessible to protons
and, as a result, the dye not only retains its red color at pH 2 but also
shows much less photobleaching than free @y&inally, the triplet
state of RB does not interact with ionic quenchers and is quenched
only by oxygen when the dye is solubilized in micelfégvide infra).

To generatéO, in HCI solutions (pH< 2), we used the anthrapy-
razole derivative PD 110095. This compound has been previously
shown to generate singlet oxyg&n.In the present work, we also
established that PD 110095 efficiently sensitiZ€} formation in
strongly acidic HCI solutions; this was determined both by measuring
10, phosphorescence and by measuring oxygen consumption using
furfuryl alcohol as a0, trap. Perinaphthenot@was used as 0,
producer to examinéO, quenching by MNP using a time-resolved
technique'>®
Nitrite anion was assayed in the presence of RB as previously
scribed® Acidification of nonbuffered samples during DMPO
photooxidation was monitored by using a glass electrode and a cell
for oxygen photoconsumption.

Alkyl nitro (RNO3) and nitroso (RNO) photoproducts are formed
simultaneously fromtO,-oxidized DMPO; we monitoredO, phos-
phorescence as an indicator of RNO accumulation because the nitroso
product is a strondO, quencher. In these experiments, a solution

The measurements of oxygen photoconsumption were performed containing RB (5Q:M), DMPO (20 mM), and the appropriate buffer

using an assembly previously descriBeéd.Photosensitizers were
irradiated using a combination of glass cutoff filters, 450 nm for RB
and 300 nm for the anthrapyrazole sensitizéd€ infra). In experi-

ments where MNP was added to the samples, we also used a liquid

filter (CuSQ,, 1 M, pathlength 1 cm) in order to avoid irradiating MNP,
which has a long-wave absorption around 680 nm.

in D,O was irradiated for about 10 min through a combination of glass
(450 nm) and CuSgiquid filter using a 200 W xenofimercury lamp.
Oxygen was bubbled through the sample during irradiation,‘énd
phosphorescence was monitored. Irradiation was continued@atil
phosphorescence dropped to near baseline level. Products were
identified by comparing the EPR spectra that were observed during a

The system for monitoring steady-state singlet oxygen phosphores-photoreduction procedure (see Results) with those produced when

cence has been described previodslyOxygen was bubbled through
the sample during irradiation to compensate for loss of oxygen due to
its photoconsumption. The signal frohD, phosphorescence was
extrapolated to zero irradiation time to eliminate any contribution of
DMPO photoproducts t60, quenching.

(5) (a) Black, D. St. C.; Watson, K. Giust. J. Chem1973 26, 2505.
(b) Finkelstein, E.; Rosen, G. D. M.; Rauckman, E.Aich. Biochem.
Biophys 198Q 200, 1. (c) Rosen, G. M.; Rauckman, E.Mol. Pharmacol
198Q 17, 233. (d) Nishi, M.; Hahi, A.; Ide, H.; Murakami, A.; Makino, K.
Biochem. Int.1992 27, 651. (e) Hill, H. A. O.; Thornalley, P. Jdnorg.
Chim. Actal982 67, L35. (f) Bernofsky, C.; Bandara, B. M. R.; Hinojosa,
O. Free Rad. Biol. Med199Q 8, 231. (g) Mao, G. D.; Thomas, P. D.:
Poznansky, MFree Rad. Biol. Med1994 16, 493. (h) Floyd, R. A.; Soong,
L. M. Biochem. Biophys. Res. Comm877, 74, 79. (i) Thornalley, P. J.;
Trotta, R. J.: Stern, ABiochim. Biophys. Actd983 759 16.
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97 and references therein.
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A: Chem 1993 77, 49.
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standard® and 11 were added to nonirradiated samples.

Results

Quenching of 0, Phosphorescence.We first wished to
measure théO, phosphorescence quenching rate constant for

(12) ChemicallO, detection using furan derivatives, together with the
direct observation ofO, phosphorescence, confirmed that the quantum yield
of 10, production by RB in cationic or zwitterionic micelles is high and
independent of pH Moreover, excited state RB is protected by the micellar
envelope from interaction with quenchers in the aqueous phéise.same
photosensitization system was previously used to investigate the photooxi-
dation ofN,N-diethylhydroxylamine by botRO, and the RB triplet32

(13) (a) Bilski, P.; Motten, A. G.; Bilska, M.; Chignell, C. Photochem.
Photobiol 1993 58, 11. (b) We have also tried to use the thermal
decomposition of the endoperoxide of '3(8,4-naphthylidene)dipropionate
as an alternative source &, to oxidize DMPO. However, under some
conditions, particularly in the presence of redox metals, we observed
additional radical adducts of DMPO besides DMRIM. Furthemore, the
thermal decomposition of endoperoxides is affected by pH, which makes
them unsuitable for use over the wide pH range examined in our study.
Thus, micellar RB proved to be the cleanest sourcéOpf

(14) Reszka, K.; Tsoungas, P. G.; Lown, J. Photochem. Photobiol
1986 43, 499.

(15) (a) Schmidt, R., Tanielian, C., Dunsbach, R.; Wolff, ®ldotochem.
Photobiol., A: Chem1994 79, 11. (b) Bilski, P.; Chignell, C. K. Biochem.
Biophys. Method4995 in press. (c) Bilski, P.; Reszka, K,; Chignell, C. F.

J. Am. Chem. S0d.994 116, 9883.
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Figure 1. Quenching ofO, phosphorescence by DMPO under steady-
state conditions: (A) phosphorescence intensity@f as a function

of irradiation time for RB alone (dashed line) and in the presence of
DMPO (30 mM) in alkaline HO solution (solid line); (B) quenching

of O, phosphorescence by DMPO in® at pD 9.5. RB, 25uM.
Deuterated buffers: 50 mM.

DMPO. We found that the addition of DMPO to an aqueous
RB solution caused an immediate reduction'@ phospho-
rescence by about 20% during steady-state irradiation. How-
ever, as irradiation continued, the intensity!@ phosphores-
cence decreased further, reaching 50% of the initial value in
approximately 6 min (Figure 1A). This gradual decrease can
only be explained by thén situ production of a very strong
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Figure 2. Quenching of'O, phosphorescence by DMPO and MNP

10, quencher as the sensitizer was not bleached during irradia-observed in pulse experiments: (A) observed rate constaﬁOpf
tion and oxygen concentration was maintained by continuous Phosphorescence decay as a function of DMPO concentration at pD 4
O, purging of the samples. A similar pattern of steady-state (ine 2) and pD 10 (line 1); (B) examples 8, decay in DO (plot 1)

10, phosphorescence quenching was observed for all pH value
studied.

Sand in the presence of MNP, 3 mM (plot 2); (C) observed rate constant
of 'O, phosphorescence decay as a function of the MNP concentration
in D,O containing 5% of acetonitrile (MNP dissolved in acetonitrile

To differentiate quenching by DMPO itself from quenching as a stock solution).

caused by DMPO oxidation product(s), we extrapolated the
intensity of 10, phosphorescence to zero irradiation time (no
products) for several different DMPO concentrations. The
Stern—Volmer plot gave a quenching rate constankg# 1.2

x 10 M~t s71, taking thelO; lifetime as 54us in our O
bufferlé2 (Figure 1B). We also measured thig in pulse
experiments in which the decay &, phosphorescence was
monitored after a single laser pulse at 532 nm (Figure 2B) to

is significantly lower than the previously reporfédalue of
18x 100 M~ tsL

Because our EPR experiments performed on preirradiated RB/
DMPO samples showed the presence of nitro and nitroso
photoproducts:fde infra), we examined the possibility that the

very strong'O, quencher observed above could be a nitroso

compound. Nitroso compounds are known to be strong quench-

eliminate quenching byproducts. Pulse experiments yielded aners of 1O, in organic solvent® To determine what effect a

identicalkq value fg = (1.2+ 0.2) x 10 M~1s71), which was
virtually pH independent (Figure 2A). However, thigvalue

(16) (@) We obtained this value from the exponential decay@f
phosphorescence using our time-resolved spectroffé{®). There are few
oxidation products that can be formed from DMPO that would quéfgh
efficiently. Nitro, nitroxyl, and hydroxylamine compounds are no better
10, quenchers than DMPO itsélf¢ the only putative oxidation product
that would be an efficient quencher is an aliphatic nitroso compttitig
~ 10 M~ s71in organic solvents). (c) Wilkinson, F.; Brummer, J. .
Phys. Chem. Ref. Date981, 10, 809. (d) Oxygen photoconsumption could
be affected by thén situ generation of a neWO, nitroso quencher{de

DMPO-derived nitroso product might have @, phospho-
rescence, we used 2-methyl-2-nitrosopropane (MNP) as a model
10, quencher in time-resolved experiments. In Figure 2C, we
plotted the observed rate constants as a function of the MNP
concentration, which yieldg,(MNP) = (4.5+ 0.3) x 108 M1
s1: this value is more than 2 orders of magnitude higher than
theky(DMPO) determined under similar conditiongde supra.
Thus, the character of the plot in Figure 1A may be caused by
the in situ production of a similar nitroso quencher.

Oxygen Photoconsumption. The quenching of!O, by

infra). If a photoproduct is a purely physical quencher, then the rate;of O DMPO is accompanied by oxygen consumptfdr{Figure 3).

consumption should decrease. By contrast, a chemical quencher might
accelerate the rate of oxygen consumption. In buffered solutions, the curves

describing the rate of £photoconsumption did not exhibit features expected
for either purely autocatalytic or inhibitory processes (Figure 3A, plot 2).
We used 2-methyl-2-nitrosopropane (MNP) to determine how a nitroso

quencher might affect oxygen consumption. Irradiations were carried out

through a CuS@filter to prevent photodecomposition of MNRax =
680 nm). The irradiation of RB in a solution containing MNP (2.5 mM)

initiated oxygen consumption. However, this process was many times slower

than that observed for the efficient chemi#@p substrate furfuryl alcohdfe
Moreover, the presence of MNP (2.5 mM) during DMPO (30 mM) oxidation
at pH 6 decreased the overall rate of @nsumption by about a factor of

2. This suggests that a nitroso product from DMPO decomposition may,
like MNP, be more a physical than a chemié@bh quencher. (e) Braun, A.
M.; Oliveros, E.Pure Appl. Cheml99Q 62, 1467. (f) Similar plots observed
for different DMPO concentrations proved that quenching saturation did

In buffered solutions, the oxygen concentration decreased
linearly until more than 50% of the Qwas consumed but the
overall consumption process was quasi-exponential over time
(Figure 3A, plot 2). The initial consumption rates were
practically linear and were used to investigate the influence of
pH on the DMPO photooxidation process.

At all pH values examined, the initial consumption rate was
a linear function of DMPO concentration (Figure 3A). These
initial rates were higher in both acidic (pH 6) and strongly
alkaline solutions, with a minimum around pH 10 and a plateau
in the pH range 26 (Figure 4). The pH dependence of oxygen
photoconsumption was the same at two different DMPO

not occur in the DMPO concentration range employed in these experiments.concentration$’ (30 and 5 mM). Similar plots were also
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Figure 3. Oxygen photoconsumption by DMPO: (A) time profile of
oxygen consumption during the oxidation of DMPO (50 mM) in
deionized waterX) and in pH 10.8 phosphate buffe2)( (B) rate of
oxygen photoconsumption by DMPO as a function of DMPO concen-
tration at different pH values (1, pH 6; 2, pH 12.6; 3, pH 7; 4, pH 9.5)
RB: 25uM. Buffer: 60 mM.
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Figure 4. Rate of oxygen photoconsumption by DMPO orRO
sensitized by micellar or nonmicellar @ - ® -) RB (25 uM) as a
function of pH. Appropriate buffers, 50 mM; surfactant, 10 mM: (A)
DMPO, 30 mM; (B) DMPO (circles) and WPO (triangles), 5 mM.

observed when the DMPO analog 3,3,5,5-tetramethyl-1-pyrro-
line N-oxide (MyPO)72 (5) was used (Figure 4B). In the pH

J. Am. Chem. Soc., Vol. 118, No. 6, 19583
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Figure 5. EPR spectrum observed before (A) and during (B) the
irradiation of the micellar RB (5@M) and DMPO (40 mM) in water

at pH 2. DMPOYOH adduct is marked with asterisks; the spectrum
intensity did not increase upon longer irradiation. Unmarked signal
belongs to the oxidation product of DMPO, 5,5-dimethyl-2-oxopyrro-
line-1-oxyl (DMPOX); ay = 7.2, an(2) = 4.2. Instrumental settings:
gain, 2 x 10% modulation amplitude, 0.33 G; microwave power, 20
mW; time constant, 0.25 s; scan rate, 4 min/100 G.

and nitric acids; nitric oxide is known to be the main product
of nitroso compound (photo)degradation. In support of this
hypothesis, we have detected nitrite as a minor product of
DMPO photooxidation. However, nitrite production was small
and accounted for only ca. 7% of the oxygen consumed at
neutral pH. In control experiments, nitrite was also detected
when MNP was photooxidized by RB under similar conditions.

Samples containing DMPO and RB became practically
anaerobic when irradiated for a sufficiently long time. However,
a portion of the photoconsumed oxygen was recovered in the
dark. The Qrecovery was slow (ca. 10 min to reach a constant
level) but could be slightly accelerated by either catalase or
CuSQ. The recovery was 6%, 13%, and up to 50% at pH 7,
9, and 12, respectively. Upon the addition of catalase there
was an immediate recovery of a small part of thecGnsumed,
suggesting that pD, was a minor product’® However, the
major part of the recovery was not specific for catalase and
was also initiated by the addition of €u

EPR Studies. Radical Photoproducts.In aqueous buffer
(pH 2), the oxidation of DMPO byO, produced a weak EPR
signal from 5,5-dimethyl-2-oxopyrroline-1-oxyl (DMPOX5)
(Figure 5, spectrum B). When the oxidation was carried out in
a D,O buffer at pD 2, a strong EPR spectrum of the DMPO/

(17) (a) We used MPO, which has a quaternary carbon at position 3
(y), to see whether dissociation of DMP®-grotons) influences photo-
oxidation in NaOH solution. (b) In control experiments, whesOplwas
added to the nonirradiated sample; @lease showed similar kinetics.
Hydrogen peroxide was claimed to be observed previously during the

range where either RB alone or micellar RB can be used as aphotosensitized oxidation of a number of nitrones including DMPO in
photosensitizer, similar results were obtained (Figure 4A). Thus neutral solution; aliphatic nitrones showed higher yields gb}formation

the micelles did not affect DMPO photooxidation but only
extended the pH range for photosensitization.

In unbuffered samples the rate of @nsumption accelerated
strongly during irradiation (Figure 3A, plot 1). This acceleration

than DMPO. While traces of ¥, may be formed over a broad pH range

in our system, its presence could not be conclusively demonstrated. It was
difficult to accurately separate the formation of®4 from the formation

of other peroxides by measuring oxygen recovered by catalase. (c) The
spectra of DMPOOH and DMPOYOD radicals are similar because the
splitting by deuterium is small and is not resolved within the line width of

was caused by a decrease in the pH from 6.6 to 4.7 during the signal. (d) We did not observe the DMPI®J adduct, which is formed

irradiation, which is consistent with the pH effect shown in
Figure 4. A contributor to this acidification may be carboxylic
acids formed from DMPO :{de infra). Another possible

when azide is oxidized byOH radical in the presence of DMPO. This
shows that a route leading to fre@H is totally dependent on the initial
reaction of DMPO withtO,. (e) Most of the buffers were “chelexed” using
an ion exchange resin for the removal of heavy metal impurities (see

mechanism is the spontaneous oxidation of nitric oxide to nitrous Materials and Methods).
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Figure 6. EPR spectrum of DMP@DD adduct observed before (A)
and during (B, C) the irradiation (11 min) of the micellar RB (o)
and DMPO (40 mM) in RO at pD 2. (C) Same as B in the presence 20 Gauss
of MeOH. DMPOfCH,OH adduct is marked with asterisks. Instru-

mental settings are the same as in Figure 4 but gain wasl6®. Figure 7. EPR spectrum of DMP@DH adduct observed during 4 min

of irradiation (B—E) of the micellar RB (5@«M) and DMPO (40 mM)

«AI17C . in H,O at neutral pH: (B) in water; (C) in nonchelated phosphate buffer,
OD?'’c (14) adduct was observed (Figure 6, spectrum B). The 40 mM: (D) same as C in the presence of N20 mM): (E) in

addition of EtOH to the sample regulted in the appearance of nonchelated phosphate buffer, 400 mM. Control A shows the spectrum
g}eﬂ?thPfj):gHﬁ:g_C;? ?Igdufé’ (‘g"h'cl ;L:gr%]e%t)s th:OprZ’S:PC: before irradiation. Instrumental settings are the same as in Figure 4.
ydroxy ic igu , spectru . wever,
portion of the DMPOOH adduct was not quenched by alcohol, * *
which indicates that not all of this adduct was formed by the
reaction of DMPO with*OH. In more acidic undeuterated
solutions (0.25 M HCI in HO), we did not observe any EPR
signal. In acidic RO solution (0.25 M DCI in RO), we
detected the DMP@DH(D) signal, which was about 10 times
less intense than that formed at pD 2. Control experiments
showed that in strongly acidic solutions (1 M HCI) DMPO still
functioned as a spin trap. Thus, the weaker DMB®V/ signals
observed in HCI solutions are probably caused by lower adduct
stability. The stronger signal of DMP@D in DCI solution
can be explained by faster adduct production y@Dlue to the
longer 10, lifetime (roughly 10 times longer in D), which
may compensate for lower adduct stability.
In alkaline solutions (pH> 10), we did not detect any
significant accumulation of the DMP@H adduct. Most likely
low photostability and a slower rate of adduct formation 20 Gauss
prevented its accumulation during steady-state irradiation in
alkaline solutions. Figure 8. (A) EPR spectrum observed during the irradiation of RB
The DMPOfOH adduct was always formed during DMPO (50 #M) and DMPO (30 mM) in phosphate buffer (pH 7) saturated
oxidation at neutral pH. The formation of DMPOH was \1/\£th 17C*)2 (64.2%). The spectrum contains contribution from DMPO/
almost completely inhibited by N (Figure 7, spectrum D), /(RH (*, av = 11?'17'a'*ﬂ = 14.62 G) and DMPOF'OH (an = 15.11,
confirming that essentially all DMPEDH and*OH" are 0, af = 14.96,a("'0) = 4.65 G). Better simulation (B) was obtained
dependent. The signal intensity was much stronger when when a DMPO adduct of unknown carbon-centered radical was

o . introduced (minor species, 6%), whose two outer lines from the six-
nonchelexetf phosphate buffers were used (Figure 7, spectra jine signal are markee-, ay = 17.33,a¢ = 19.53 G). Instrumental

C and E)'_ _WhiCh WOU'_d seem to implicat_e metal-cataly_zed settings: gain, 2x 10% modulation amplitude, 0.33 G; microwave
decomposition of peroxides. Catalase had little effect on signal power, 20 mw; time constant, 0.25 s; scan rate, 4 min/100 G.
intensity, which excludes the involvement o§®. However,

other organic hydroperoxide(s) may decompose in Fenton-like 7 o
reactions (catalyzed by metal cations) to prode@él and OH, DMPO/*OH, and DMPOIC, an unknown adduct of a

DMPO/OH radicals. carbon-centered radical (ratio 59:35:6, respectively). A simu-

Next we investigated the source of oxygen in the DMPO/ lated spectrum and the values of the splitting constants are
*OH adduct. When a solution containing DMPO and RB was shown in Figure 8, spectrum B. These data show that practically
saturated with oxygen containing 64%0, isotope and then  all of the oxygen in the hydroxyl group of the DMPOH
irradiated, the spectrum in Figure 8A was observed. This radical adduct originates from dissolved molecular oxygen and
spectrum contains contributions from three adducts: DMPO/ not from DMPO or HO 18

A
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Detection of Nitroso and Nitro Products. The presence of A
the nitro (RNQ) and nitroso (RNO) products froh®,-induced
DMPO decomposition was confirmed by the EPR detection of
radicals RN@~ and RN(D)O, respectively. Both of these
radicals were generated by photoreduction of R@d RNO
products that were accumulated during DMPO photooxidation
(Materials and Methods).

The photoreduction procedure requires irradiation of RB in

the presence of NADH and the products of DMPO oxidation. B
The mechanism involves the RB tripleBRB%)*, which is
guenched by NADH in anaerobic solutidhforming the RB3~

anion (reduced RB) and oxidized NADH (NADadical) (eqgs
1 and 2). Both RB~ and NAD are strongly reducing species.

RB? + hy — Y(RB*")* — 3(RB?)* 1) }Mi

3 2— 3— . +
(RB”)* + NADH — RB™ + NAD" + H ) Figure 9. (A) EPR spectrum observed from a sample which contained
] ] the products of DMPO oxidation bY0,. Characteristic RN(D)—O*
We have found that such a photoreduction procedure gives cleardeuterium adductag = 14.11, ap = 2.22 G) was developed as

EPR spectra of RN®~ and RN(D)O radicals without any described in the Materials and Methods. Control spectrum B was
contribution from the DMPOH adduct, which had dominated obtained using nonirradiated sample; the three major line signal belongs
when we tried to reduced RN@nd RNO Chemicallﬁ.l to the reduced Rose Bengal (RB with the splitting constants on two
The above photoreduction procedure was then used for RN-hydrogen atomsa, = 3.13 G. Instrumental settings: gain, 26107
(D)0 detection. Even though RNO was formed at all pH values Medulation amplitude, 0.66 G; microwave power, 10 mW; time
studied (indicated by the progressive quenching@f phos- ~ constant, 0.25 s; scan rate, 4 min/100 G.
phorescence), we used acidic solutions to facilitate RN(D)O
detection without adjusting the pD. The solution containing
RB (50 uM) and DMPO (20 mM) in RO buffer (pD 6) was
irradiated as described in the Material and Methods. Then
NADH (0.4 mM) was added, the sample was deoxygenated with
N2, and the solution was irradiated in the RB visible band at
550 nm in an EPR cell. The irradiation resulted in RNO
reduction (eq 3). The EPR spectrum observed was that of a

samples, an EPR spectrum identical to that shown in Figure
9A was obtained during the photoreduction procedure.

The nitro product was also detected by EPR after photo-
chemical reduction using 1 mM NADH and RB in alkaline
solutions because radical anions of nitro compounds are more
stable than neutral radicals,fRO;"H. We usually used pD
10.5, although photoreduction in 0.1 M NaOH solution gave
similar results. The irradiation of RB led to RN®eduction
3 . . . N (eq 4). The EPR signal observed was a triplet with a large
RB* /NAD/D,0O + RNO— RN(D)O" + RB“ /NAD

) RB®/NAD'/D,0 + RNO, —~ RNO,”™ + RB? /NAD"

hydronitroxide, RN(D)O (Figure 9A). This spectrum has the @)
same splitting constants as that produced by either chettfical  splitting by the nitrogen atom (Figure 10, spectrum A, asterisks).
or photochemicaf® reduction of MNP in RO solution. In  This spectrum is characteristic of a nitro anion radical, indicating
control experiments, when DMPO was not photooxidized, we the presence of a tertiary aliphatic nitro prodiitterived from
never observed EPR signals characteristic of theNgD)—O" DMPO. In a control nonirradiated sample, only the RB
radical when the same photoreduction procedure was employedradical anion was detected (Figure 10, spectrum B). The
Instead, a strong signal from the RB radical anion was  photoreduction of 4-methyl-4-nitropentan-1-al under the same
observed (Figure 9, spectrum B). When oxygen was present,conditions produced a spectrum identical to that generated by
we also observed the spectrum of the DMPO superoxide adductthe reduced nitro product from DMPO photooxidation (Figure
(not shown). When 4-methyl-4-nitrosopentanoic acid, a known 10, spectrum C). These results confirm the generation of a nitro
product of DMPO oxidatioi? was added to nonirradiated product during the reaction of DMPO wiflD,.

(18) It has been suggested that the DMPO cation radical (DVRGay
hydrolyze to produce the hydroxyl radical addiftn a strongly oxidative
environment, such as that created by irradiated RB, the formation of i At o it ;
DMPO* and its hydrolysis is a possiblg nonradical source for the adduct. . The O_deatlon of DMPQ is Imtlate(.j by the chemical que.n?h_
However, even the quenching of the oxidized RB by DMPO in an anaerobic INg Of singlet oxygen by DMPO. Singlet oxygen can oxidize
solution of concentrated RB (0.25 mM), which is more likely to produce  C=N double bonds in many organic compounds, including
the DMPO* via electron transfer, did not lead to the appearance of DMPO/ oximes, nitronates, hydrazones, and nitro%é’§?GeneraIly, the

*OH h . : . ; L
O(lg?%ﬁar?&'\g) H.; Symons, M. C. R. Chem. Soc., Chem. Commun  '€action of'O; with double bonds leads to either 1,2-addition

1986 1301. _ or ene addition. However, theene addition pathway is not
(20) Sarna, T.; Zajac, J.; Bowman, M. K.; Truscott, T.JGPhotochem.  gvailable to DMPO because the carbon atom at position 5 is
Photobiol., A: Chem1991, 60, 295. uaternar
(21) When we used sodium borohydride instead of RB and NADH to a Y . .
reduce the nitro or nitroso products in “dark” reactions, a strong EPR signal  We propose that the major pathway of singlet oxygen

from DMPO/H was produced, which overshadowed the signals from other quenching by DMPO occursa 10, addition to the carbon atom
radicals present in the system.

Discussion

(22) (a) Kalyanaraman, B.; Perez-Reyes, E.; Mason, ReRahedron (24) Castro, C.; Dixon, M.; Erden, l.; Ergonenc, P.; Keeffe, J. R;;
Lett 1979 50, 4809. (b) Reszka, K. J.; Chignell, C. Photochem. Sukhovitsky, A.J. Org. Chem1989 54, 3732 and references therein.
Photobiol 1994 60, 450. (25) (a) Erden, 1.; Griffin, A.; Keeffe, J. R.; Brinck-Kohn, etrahedron

(23) Breuer, E. InNitrones Nitronates and NitroxidesPatai, S., Lett 1993 34, 793. (b) Interaction otO, with the oxygen atom in Kt—

Rappoport, Z., Eds.; John Wiley: New York 1989; p 168 and references O?~ nitrone group, which may also contribute to physical quenching cannot
therein. be totally excluded.
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Figure 10. (A) EPR spectrum observed from a sample which contained
the products of DMPO oxidation byO,. EPR spectrum of the nitro
radical anion (*,ay = 26.14 G) was developed as described in the
Materials and Methods. Control spectrum B was obtained using a
nonirradiated sample. Spectrum C (gaing 30°) was produced when
4-methyl-4-nitropentan-1-al was added to the nonirradiated sample
before the developing procedure. Unmarked signal in the spectra
belongs to RE~ radical anion (see Figure 8). Instrumental settings:
gain, 1.25x 10% modulation amplitude, 0.66 G; microwave power,
10 mW; time constant, 0.25 s; scan rate, 4 min/100 G.
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in the G=N bond?3® initially forming a biradical 6) (Scheme
1) Singlet oxygen would be quenched physically by the
dissociation of6 to DMPO and Q (Scheme 2). Chemical
guenching would proceeda the cyclization of biradicab either
through the carbon atom (constrained 1,2-addit®myr through
the nitrone oxygen atom (1,3-addition), yielding a non-
constrained 1,2,3-trioxidé* (ozonide,8; Scheme 1).
Decomposition of the ozonideg) may generate 4-methyl-
4-nitrosopentanoic acid9)f (Scheme 1). Nitroso and nitro
products are known to be generated by oxidation of DMPO and
related nitrones by strong oxidizers, such as periotfat€he
same products are formed during the ozonation of Schiff
baseg% which is thought to proceedia a 1,2,3-trioxide
(ozonide) intermediate. Thus it is plausible th&tmay
decompose to a nitroso product; its decomposition to a strong

Bilski et al.
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singlet oxygen guencher such @¥¢ (Scheme 1) is strongly
supported by the time-dependent decreas¥inphosphores-
cence (Figure 1A). (ltis possible that a small part of the nitro
product might be formedia the (photo)oxidation of nitroso-
pentanoic acid.)

The ozonideB may also decomposeié fission of bonds ¢
and e) to givel0, which is unstablel0 may either rearrange to
11 or decompose and release oxy&€(Scheme 1). This latter
pathway is suggested by the Ctdependent oxygen release in
alkaline solutions. 4-Methyl-4-nitropentandll could also be
produced by the decomposition of 1,2-addugt however, this
mechanism does not provide a route%o While we cannot
distinguish between these reactions, we believe that the ozonide
8 is the main source ofl

In acidic solution there is a second mechanism of chemical
guenchingvia a redox pathway; it involves a putative “nitronium
like” intermediate 12) formed by proton addition to biradical
6 accompanied by rearrangement (Scheme 2). This process
seems to diminish physical quenching by opening a new reaction
channel, which results in £consumption in acidic solutions
that is about 20 times faster than at pH20As we detected
both products in which the pyrroline ring remains intact (DMPO/
*OH, DMPOX) and products that require fission of the pyrroline

(26) (a) Bailey, P. S. IrDzonation in Organic ChemistryAcademic
Press: New York, 1978; Vol. |, pp 22553 and references therein. (b)
The complexity of oxygen photoconsumption makes it difficult to determine
the relative contributions of chemical and physical pathways to the total
guenching of'O, phosphorescence. Faster @onsumption in acidic
solutions than at pH 10 cannot be explained by nitrite (ca. 7%), or even
nitrate, production. Their contribution, together with a potential complete
oxidation of carbor-center radicals formed when N@plits, could only
double Q consumption by a high estimate. (c) TR€OOH group cannot
be formed directly; it must result from a rearrangement of the unstable
biradical HCO—Cr. (d) It is known that peroxynitrous acid undergoes such
isomerization to nitraf® and that during this rearrangement peroxynitrite
shows oxidative propertiéd.In addition, it is also well-known that £xan
be released from peroxynitrite anion upon catalysis witd"Gn alkaline
solution32 Thus, it is possible to explain both oxygen release and the
isomerization of the DMPO photooxidation product in terms of peroxynitrite-
like chemistry.
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ring (nitroso and nitro products), our results are consistent with
both of the above mechanisms.

Two EPR adducts are frequently detected during photochemi-
cal experiments: DMP@DH (14) and DMPOX (5). These
products must be generateth redox reactions that spare the
pyrroline ring (Scheme 2). The more persistent spectrum
belongs to the DMPQODH adduct. We believe that this radical
product is formedvia the nitronium transient2 (vide suprg,
which is known to be a strong oxidant. Not surprisingly, such
an intermediate may be easily reduced to DMBGHA (13),
most likely formed in the conformation stabilized by intramo-
lecular hydrogen bonding2 A structurally similar hydroper-
oxide 3 has been isolated during the photosensitized oxidation
of 2,4,4-trimethyl-1-pyrrolinéN-oxide in methylene chloride at
low temperaturé. The DMPO hydroperoxide, DMP&,H,
may ionize, and a weak signal from DMPQfOwas observed
during the oxidation of DMPO by Merocyanine-540.

DMPOFO,H may be an intermediate leading to the DMPO/
*OH adductvia both spin-trapping (reaction &®H with DMPO)
and non-spin-trapping reactions. The well-known Fenton-like
reaction of such a hydroperoxide can produce the fezid
radical and DMPO/©, which protonates to yield the DMPO/
*OH radical (Scheme 2). As expected for hydroperoxide
reduction, adduct formation is sensitive to redox impurities
present in phosphate buffers.
nonchelexed phosphate buffers50 mM), the signal intensity
of the DMPOYOH adduct was greater than in water alone or in
chelexed bufferde (Figure 7, spectra B and E). In the absence
of redox-active impurities in distilled water, the reduction

process can probably be sustained by reducing products from

DMPO degradation like hydroxylamines because even very
thoroughly chelexed solutions always contained a weak signal
from the DMPOYOH adducg® Thus, dissolved oxygenjia
its singlet state, is responsible for all of the DMPQA adduct
produced during DMPO photooxidation in the dye system, as
confirmed by'’O, experiments (Figure 8). Our findings that
the DMPOfOH generated duringO, oxidation is formed by
reaction of DMPO with freely diffusibleOH and also by a
nonspin-trapping route also fully agree with previously published
results?®

The second important oxidation product detected by EPR is
DMPOX (15), which we observed at pH 2. DMPOX is formed
only in the presence of strong oxidizérsOne possible source
is oxidation of DMPOYOH;?2 in one plausible hypothesis, the

(27) (a) Reszka, K.; Bilski, P.; Sik, R. H.; Chignell, C. Free Rad.
Res. Commuri993 195 33. (b) The efficiency otO, quenching by DMPO
in HCI solution was the same as at pH 4, even though the protonation of
the nitrone moiety seems to occur at very low pH. While the UV spectrum
of DMPO (band at 228 nm) did not change from pH 2 to concentrated
NaOH solution, in concentrated HCI solution (0.25 M), the absorbance of
DMPO in the UV region decreased reversibly suggesting that DMPO
protonation occurred at the nitrogen atork p 1.5.

(28) When the DMPO concentration was high the intensity of the DMPO/

Indeed, we observed that, in
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strong oxidizer would be the nitronium transid@(vide suprg.
While we cannot provide any direct experimental evidence to
support this hypothesis, the presence of DMB®Y and
DMPOX EPR signals in acidic solutions tends to confirm the
redox mechanism in which the nitronium intermediate may be
a strong oxidant.

We believe that the increase in Photoconsumption for pH
>10 (Figure 4) is caused by reactions that are different from
those operating in acidic solutions. In alkaline solution, DMPO
is known to undergo nucleophilic addition of a water molecule
to the nitrone to yield a hydroxylamine. The hydroxylamine
moiety (R-NOH) is oxidized by singlet oxygeH;13 and the
main product is hydrogen peroxide. Moreover;-IROH
dissociation produces a very efficient chemié@h quencher,
the R-NO~ anion!® We also considered the possibility that
in strong alkali the dissociation ofahydrogen in the DMPO
molecule might produce an efficiet, quencher. However,
this possibility can be eliminated becausgR¥D, in which both
y hydrogen atoms are blocked by methyl groups, behaved
exactly the same as DMPO during photooxidation (Figure 4B).
Thus, the hydrolysis of DMPO to a DMPO hydroxylamine
derivative is probably responsible for the increased oxygen
(photo)consumption in strongly alkaline solutions.

The oxidation of DMPO byO, is a complex process which
is summarized in Scheme 3 (with the processes and products
we observed directly in boxes). The simplest measure of DMPO
photooxidation is oxygen consumption; however, such data
should be interpreted cautiously. A calculation based solely
on O, consumption resulted in previous overestimation of the
10, quenching constant by DMPO (18 10/ M~1 s 14a s

“OH signal depended less on the concentration of phosphate in nonchelexed®Ur value of 1.2x 10° M~1 s71); it is likely that thek, values

buffer (not shown). Probably, the rapid accumulation of reducing products
from DMPO degradation, or perhaps DMPO itself, can substitute for the
metal reductants.

(29) The exact mechanism of,8, formation is unknown. It is possible
that a hydroxylamine derivative of DMPO contributes to the production of
H,0, during DMPO photooxidation. Stoichiometric formation of®s from
the photooxidation ofN,N-diethylhydroxylamine by Rose Bengal was
confirmed previously2 The hydroxylamine moiety may be formed in the
redox reactions of DMPO and as a result of nucleophilic addition @/H
OH- to the nitrone function in DMP@3 The formation and subsequent
oxidation of the hydroxylamine should be easier in alkaline solutiop®;H
producedvia a DMPO hydroxylamine derivative would produce #®-
labeled hydroxyl adduct.

(30) Benton, D. J.; Moore, Rl. Chem. Soc. A97Q 3179.

(31) Koppenol, W. H.; Moreno, J. J.; Pryor, W. A.; Ischiropoulos, H.;
Beckman, J. SChem. Res. Toxicol992 5, 834.

(32) Plumb, R. C.; Edwards, J. @Gnalyst1992 117, 1639.

for other nitrone® have also been overestimated. This may
not be surprising considering that 4-methyl-4-nitrosopentanioc
acid, an efficienttO, quencher, is an important photoproduct
of DMPO. Other (photo)products are also likely to be involved
(Scheme 3) in oxygen consumption, which depends strongly
on pH (Figures 3 and 4), even though the total quenching of
10, by the nitrone moief}/® is virtually pH independent.

Conclusions

We have shown that DMPO oxidation b\D, depends
strongly on pH; while pH does not influence the prima@e
guenching, it strongly affects the subsequent oxidation reactions.
We have documented for the first time th@ is able to open
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the DMPO pyrroline ring, leading to the formation of nitro and to occur during the thermal oxidation of DMPO by molecular
nitroso products. Thus, both DMPO itself and its nitroso oxygen in the dark. Usually, if a compound is easily oxidized
photodecomposition product, a very strotf@ quencher, may by *O,, then a similar oxidation may proceed with ground state
compete with any substrate(s) under investigatiod@r The oxygen, but at a significantly slower rate. Thus, the products
formation and (photo)decomposition of the nitroso product may we found for the photochemical oxidation are likely to ac-
contribute to acidification of nonbuffered solutions and result cumulate during long DMPO storage.
in nitrite accumulation. o _ _ Finally, we should also mention that the light intensities and
Another potential complication is the formation of species jyragiation times that we used in our experiments were not
that are not EPR silent. Firsl; initiates the production of  extreme but were comparable to conditions normally used during

the DMPOfOH adductia both a spin-trapping and a non-spin- 5\ qtochemical spin-trapping experiments with DMPO. While

trapping route. Second, during the course of oxidation, a strong pyvipo s undoubtedly a valuable spin trap, data from systems
oxidizer such as the DMPO nitronium cation may be formed

. . in which 1O, can also be generated must be interpreted with
and lead to th? DMPOX S|gnql. Furthermore, the nitroso caution, and appropriate control experiments should always be
product @) may itself act as a spin trap, which could produce performed
nitroso-type radical adducts. Nitro products may also generate '

E(I)Dan)rzlgnals in alkaline solution in the presence of electron Acknowledgment. The authors thank Mr. R. H. Sik for
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