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Abstract—Quantitative >'P NMR spin trapping techniques can be used as effective tools for the detection and quantification of
many free radical species. Free radicals react with a nitroxide phosphorus compound, 5-diisopropoxy-phosphoryl-5-methyl-1-
pyrroline-N-oxide (DIPPMPO), to form stable radical adducts, which are suitably detected and accurately quantified using >'P
NMR in the presence of phosphorus containing internal standards. Initially, the *'P NMR signals for the radical adducts of oxy-
gen-centered ("OH, O,"") and carbon-centered ("CHs, "“CH,OH, CH,"CH,OH) radicals were assigned. Subsequently, the quantitative
reliability of the developed technique was demonstrated under a variety of experimental conditions. The *'P NMR chemical shifts
for the hydroxyl and superoxide reaction adducts with DIPPMPO were found to be 25.3, 16.9, and 17.1 ppm (in phosphate buffer),
respectively. The 3P NMR chemical shifts for *CH3, *CH,OH, *CH(OH)CH3, and *C(O)CHj spin adducts were 23.1, 22.6, 27.3, and
30.2 ppm, respectively. Overall, this effort forms the foundations for a targeted understanding of the nature, identity, and mecha-
nisms of radical activity in a variety of biomolecular processes.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

For many years spin traps have been used to increase the
stability of free radicals in order for them to be identified
and detected by electron paramagnetic resonance (EPR)
spectroscopy. Spin traps are highly reactive toward free
radicals, thereby allowing the acquisition of abundant
information on the production of such species in biolog-
ical, biochemical, and chemical systems. Spin traps have
been used quite extensively in the detection of oxygen-
centered radicals, namely "OH and O, ", and carbon-
centered radicals ("CH3;, "CH,OH, '‘CH(OH)CH3, and
‘C(O)CH3).!* Most of these studies made use of EPR
spectroscopy to detect and quantify the involved radical
species.

Spin trapping entails the reaction of nitrones or nitroso
spin traps (paramagnetic species) with unstable free rad-
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ical systems, in order to form a more stable free radical
(radical adduct), which can be detected by EPR spec-
troscopy or any other analytical method. Recent
accounts® have demonstrated that phosphorus-contain-
ing spin traps give rise to radical adducts that have long-
er half-lives compared to other spin traps. This fact can
be used to expand the capability of EPR spectroscopy.
Unfortunately, these radical adducts degrade with time,
becoming diamagnetic and, therefore, EPR-undetect-
able. However, the presence of phosphorus within these
systems allows for the use of *'P nuclear magnetic reso-
nance (NMR) spectroscopy to investigate the detailed
chemistry of radical reactions in complex reaction sys-
tems. This technique was termed ‘NMR spin trapping’
by Khramtsov et al.> For NMR proposes, the radical
adducts, after conversion into their final diamagnetic
forms, are stable over a long period of time. This is par-
ticularly important for in vivo experiments in which the
paramagnetic adducts are even more unstable, since bio-
logical systems have a high capability for bioreduction.

The use of phosphorus-containing spin traps allows for
the detection of diamagnetic products by *'P NMR
without the complexity of multiple signal overlap spec-
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tra usually encountered when common nuclei, such as
proton or carbon, are examined. Overall, however, a
possible drawback of this technique could be the re-
duced sensitivity of NMR compared to that of EPR.
This is partly overcome by the acquisition of more
NMR signals with time.®

The novel spin trap S5-diethoxyphosphoryl-5-methyl-
1-pyrroline-N-oxide (DEPMPO, an o-phosphorus-
containing DMPO (5,5-dimethyl-1-pyrroline N-oxide)
analogue) was first reported by Frejaville et al. in
1993.7 Since then, various accounts have shown that this
phosphorus-containing spin trap can be used in conjunc-
tion with *'P NMR to detect various free radical species.’
Recently, another novel phosphorus compound contain-
ing nitroxide, the 5-diisopropoxy-phosphoryl-5-methyl-
1-pyrroline-N-oxide (DIPPMPO), was investigated.®
The new compound shows outstanding performance
compared to DMPO and DEPMPO toward radical anal-
yses when used in conjugation with *'P NMR. More spe-
cifically, we will demonstrate here for the first time that
the DIPPMPO/'OOH adduct is more stable than other
traps toward superoxide (O,). Furthermore, we will
show that *'P NMR signals for DIPPMPO/*OOH and
DIPPMPO/OH are readily distinguishable. On the other
hand, DIPPMPO involves simple preparation and has
higher partition coefficient (K,=2.1) compared to
DMPO (0.1) or DEPMPO (0.06). This high partitioning
enables the trapping experiments to be conducted in cel-
lular or lipid-rich environments.

The stable diamagnetic products derived from the radi-
cal adducts coupled with the uniqueness of the quantita-
tive *'P NMR technique can be exploited further to
perform quantitative research work, because *'P NMR
signal is specific to each trapped free radical. Conse-
quently, our efforts in this paper are focused at detecting
and quantifying oxygen- and carbon-centered radicals,
which are important in biology, chemistry, and bio-
chemistry, using phosphorus-containing spin traps and
quantitative *'P NMR.

2. Results and discussion
2.1. Generation of oxygen-centered radicals

One common system to generate oxygen-centered rad-
icals ("OH and Oy ") is the ultraviolet photolysis of
hydrogen peroxide solutions. During this effort, the
generated radicals were detected and quantified
through their reaction with DIPPMPO. After the
hydroxyl radicals are produced via ultraviolet photoly-
sis of hydrogen peroxide, it takes place the spin trap-
ping reaction between DIPPMPO (1) and hydroxyl
radical producing the radical adduct DIPPMPO/OH
(2) (Scheme 1). A similar radical adduct was proposed
by Khramstov et al.,> when using DEPMPO as the
spin trap.

Once the concentration of the radical adducts increas-
es, disproportionation and rearrangement reactions oc-
cur, affording a new nitrone (5) and the original spin
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Scheme 1. Mechanism for the spin trapping of hydroxyl radicals using
DIPPMPO.

trap (Scheme 1). As suggested by Khramstov et al.,’
in the course of spin trapping of hydroxyl radicals,
the amount of new nitrone (5) observed in the *'P
NMR spectrum represents only half of the total spin
trapped radical. The other half of the radical adducts
that are initially formed (2) are transformed back into
the original spin trap via the loss of water of the
hydroxylamine product (4). Consequently, when quan-
tification is required, the NMR integral of the corre-
sponding radical adduct peak in the *'P NMR
spectrum should be doubled.

Hydroperoxyl radicals can be readily formed via the
reaction of hydroxyl radicals and hydrogen peroxide in
accordance with reaction (1):

HO" + H,0, — H,0 + HOO" (1)

The hydroperoxyl radical can then be trapped and form
the hydroperoxyl radical adduct RACOOH):

HOO" + Trap — RA(OOH) (2)

Scheme 2 illustrates the spin trapping reaction between
DIPPMPO and hydroperoxyl radicals.
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Scheme 2. Spin trapping reaction between DIPPMPO and hydroper-
oxyl radicals.
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The superoxide free radical can also react with the
activated double bond of the spin trap resulting in
the formation of hydroperoxide.” However, the
primary reaction of superoxide in aqueous media is
disproportionation, which occurs at a faster rate than
addition to a double bond.'® Disproportionation via
hydrogen abstraction from solvent molecules, or other
substrates, produces HOO, which then adds to the
double bond of the nitrone (1). It is therefore expected
that the reaction product of superoxide with
DIPPMPO should indeed be a hydroperoxide. Despite
the fact that the superoxide radical anion is a strong
nucleophile in aprotic solvents, in protic solvents such
as water it does not react as a nucleophile.!!
Consequently, nucleophilic addition of the superoxide
radical anion to the double bond of the spin trap is
not likely.

Literature accounts indicate that the trapping of super-
oxide with DEPMPO results in the formation of a >'P
NMR signal that cannot be distinguished from that of
the hydroxyl reaction product.® This finding was based
on the fact that no new phosphorus resonances were ob-
served in the spectrum, even though ESR measurements
showed that the DEPMPO spin trap did indeed trap
superoxide. The reported weak signals, as a result of
trapping superoxide, were explained to be a consequence
of superoxide radical adducts being reduced to their cor-
responding hydroxylamines and converted back into the
original DEPMPO spin trap via the loss of hydrogen
peroxide.®

Thus, the following account aims at identifying and
accurately quantifying "OH or O, radicals, since dis-
tinct '>P NMR signals for their trap adducts have been
obtained through the use of DIPPMPO as the spin
trap.

DipPMPO L
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intermediate
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2.2. Characterization of oxygen-centered radicals

2.2.1. Detection by *'P NMR. As already discussed in
light of Schemes 1 and 2, the species immediately formed
after the spin trap reacts with a given radical are
paramagnetic radical adducts. The lifetime of these
paramagnetic species is finite. Furthermore, the dispro-
portionation Products which are diamagnetic, can be
observed by *'P NMR as distinct sharp signals. A typi-
cal >'P NMR spectrum obtained from the UV Photoly-
sis reaction of hydrogen peroxide (2 SmolL™") in the
presence of DIPPMPO (68 mmol L") is shown in Fig-
ure 1 (numbers refer to structures in Schemes 1 and 2).
Measurements were taken 5-10 min after the irradiation
of the sample was complete The complete assignment of
the *'P NMR signals is presented in Table 1. This
spectrum (Fig. 1) shows peaks that correspond to the
radical reaction reduction products of ‘OH and O,
radicals, supporting the mechanism of Scheme 2.

The *'P NMR signal present at 25.3 ppm (Fig. 1) can
unambiguously be assigned to the hydroxyl radical reac-
tion product. The chemical shift difference between this
signal and the DIPPMPO resonance is 3.1 ppm upfield.
This chemical shift difference closely agrees with the dif-
ference observed by Khramstov for DEPMPO and the
DEPMPO/adduct reduction product that arises upon
the trapping of hydroxyl radicals (3.4 ppm).>

Notably, when we use the Fenton system to generate
radicals only hydroxyl radicals were detected, since
the *'P NMR spectrum obtained from this reaction sys-
tem contained no signal due to the DIPPMPO/OOH
adduct. Furthermore, linear relationships were obtained
for the hydroxyl radical formation when plotted versus
the concentration of the Fenton system (H,O,/Fe** as
1000:1) at pH 7 (Fig. 2). Even under different buffered
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Figure 1. Quantitative *'P NMR spectrum of the products formed from the UV photolysis of H,O, in a sodium hydrogen phosphate buffer solution

(pH 7.4). LS. (internal standard) = trimethylphosphate.
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Table 1. *'P NMR signals for DIPPMPO reaction adducts

Species Generating System Chemical shift (ppm)
DIPPMPO (1) 22.2
DIPPMPO/OH (5) 8% H,0, + UV light 253
Fenton reaction: Fe** + H,0O, + DTPA
DIPPMPO/"OOH (6) 8% H,0, + UV light 16.9, 17.1
HzOz + 02 +OH™
Intermediate radical species 8% H,0, + UV light 18.0, 18.3

H,0, + O, + OH™

DIPPMPO/OH (mmolL"")
N

0 2 4 6 8
Concentration of FeSO, (mmolL-")

Figure 2. Concentration of hydroxyl radical trapped as a function of
the Fenton system concentration (H,O»/Fe?* as 1000:1) at pH 7.
DIPPMPO (30 mmol L) was added to trap the radicals. 3'P NMR
was used to provide the quantitative analysis results after the mixture
was stirred continuously under air in the dark for 120 min.

conditions for pH’s (pH 2, 7, 9, and 13), those linear
relationships were still apparent.

It is important to note that unlike DMPO, the superox-
ide/hydroperoxyl radical adducts of DEPMPO (DEP-
MPO/OOH), and DIPPMPO (DIPPMPO/OOH), do
not decompose to give DIPPMPO/OH. False DIP-
PMPO/OH signals are therefore not a problem by this
method.! The DIPPMPO/'OH radical adduct is only
formed from the reaction between DIPPMO and "OH
radicals in the system. When DMPO was used as the
spin trap, the formation of DMPO/‘OH included some
false adduct arising from the UV irradiation or water
via the reaction of DMPO and H-O catalyzed by metal
ions.® However, for the case of DIPPMPO, the DIP-
PMPO/OH adduct is only created from hydroxyl radi-
cals, formed from the UV photolysis of H,O,, and not
from the water solvent. Lloyd et al.!' have carried out
spin trapping experiments with 30% hydrogen peroxide
and labeled water (1’O) in which they proved that ex-
change between water solvent and H,O, does not occur.

Besides the DIPPMPO/OH adduct, the DIP-
PMPO/OOH adduct was also found to be present in
the products of the UV photolysis of hydrogen peroxide.
The *'P NMR signal induced by the hydroperoxyl rad-

ical adduct is located at 17.1 ppm (Fig. 1). The photoly-
sis of H,0,, at shorter ultraviolet irradiation times, has
shown two singlets at 17.1 and 18.0 ppm. However, as
the time of irradiation increased, two new signals ap-
peared at 16.9 and 18.3 ppm. The *'P NMR signals at
18.0 and 18.3 ppm most likely represent various other
radical species, intermediates in the overall reaction
mechanism, whose precise identity is currently under
investigation. The signals at 16.9 and 17.1 ppm have
been assigned to superoxide reaction products.'> The
assignment of these signals to superoxide products was
further verified using DIPPMPO in an alkaline hydro-
gen peroxide system that is known to generate
superoxide.'3

Potassium superoxide (KO,), when dissolved in water, is
known to generate superoxide'> which can then be
trapped and consequently its phosphorus signal detect-
ed. The spectrum that resulted from this reaction con-
tained a °'P NMR signal at 17.1 ppm along with
several unidentified peaks whose identities are currently
under examination. The presence of this signal in the
superoxide generating system, along with the observa-
tion that this signal was drastically reduced when the en-
zyme superoxide dismutase (SOD) was introduced into
the system, further confirms that the peak at 17.1 ppm
is related to the presence of O, . Superoxide dismutase
accelerates the rate of superoxide radical dismutation to
hydrogen peroxide, therefore a dose-dependent diminu-
tion in the spectrum should be observed if the signal is
due to the presence of superoxide radical anion.'?

It has been shown that superoxide radicals can be
formed in good yield by the photolysis of hydrogen per-
oxide solutions.'* Therefore, signals due to the spin
trapping of hydroxyl radicals and superoxide radicals
were anticipated in the >'P NMR spectrum of such reac-
tions. It is likely that the signals at 16.9 and 17.1 ppm
correspond to the two diastereomeric forms of the reac-
tion product of DIPPMPO with superoxide, since the
carbon in position 2 is chiral (Scheme 2).!

The X-ray structure of DIPPMPO shows that the posi-
tion of the diisopropoxyphosphoryl group induces larg-
er steric hindrance of the nitrone face, although the
isopropoxyl substituents are oriented toward the exteri-
or of the ring.® This steric hindrance that favors trans
radical addition to the phosphoryl group should be par-
ticularly important in water because of solvation. For
this reason, the signals for carbon-centered radicals
("CH3, "CH,OH, ‘CH(OH)CHj; or "C(O)CH3) are antic-



D. S. Argyropoulos et al. | Bioorg. Med. Chem. 14 (2006) 4017-4028 4021

ipated to show only one *'P NMR signal (see Section
2.4).

The stereoselectivity and stereospecifity of radical addi-
tion to nitrones are known.!> More specifically, it has
been reported that superoxide radical additions to
DEPMPO are stereoselective, while hydroxyl radicals
are trapped stereospecifically.!®!” Frejaville et al.'® have
also reported on the stereospecificity of DEPMPO with
a variety of other radicals such as CO,™, SO3"~, "CH3;,
and a-hydroxyalkyls in aqueous media. These research-
ers have also shown that in phosphate buffers at pH 5.6
and 7.0 the superoxide adduct of DEPMPO is stereo-
selective.!® From these latter findings, it follows that
spin trapping experiments should result in the formation
of both superoxide radical adducts and only one isomer
of the hydroxyl spin adduct. This is indeed the case with
the DIPPMPO spin trap, since we observed a single res-
onance corresponding to the trapping of hydroxyl radi-
cals and two signals due to the trapped superoxide. For
the formation of superoxide radical through the UV
photolysis of H,O, at shorter reaction times, only one
peak appeared, which is most likely due to the fact that
at shorter irradiation times only the major stereoisomer
of the superoxide adduct is prevalent. At longer times,
there is an accumulation of the minor stereoisomer,
which is then also detected.

The structure of the superoxide radical adduct, which
induces the aforementioned *'P NMR signals at 16.9
and 17.1 ppm, was also elucidated by carrying out
GC/MS analyses of freeze-dried samples. The major
peak at m/z = 254 corresponds to the loss of the isopro-
pyl group. MS/MS analysis was also performed on these
samples and the m/z for these signals was determined to
be 297, in agreement with the results obtained from
GC/MS analysis.

2.2.2. Examining the quantitative reliability for oxygen-
centered radicals. Spin trapping experiments used to
determine the concentrations of the various free radicals
were performed at least three times in order to examine
the quantitative reliability of the developed techniques.
UV irradiations of 2.5 mol L™! hydrogen peroxide solu-
tions were used to generate hydroxyl radicals. The
experiments were performed at pH 7.4, using a phos-
phate buffer solution, and 4 mmol L™" of diethylenetri-
aminepentaacetic acid (DTPA) was used to remove
metal impurities from the samples. The metal-chelating
agent DTPA was used since the major source of error
that can be associated with this spin trapping is the pres-
ence of trace metal impurities, especially in buffered
solutions. The concentration of radical species was mon-
itored as a function of time using an internal standard
followed by quantitative *'P NMR spectroscopy.

The concentration of hydroxyl radicals produced and
trapped by DIPPMPO was measured as a function of
total irradiation time. Figure 3 shows that under the
UV photolysis conditions, the concentration of hydroxyl
radicals produced and trapped is linear with time. The
apparent rate of hydroxyl radical production for these
experiments was found to be 0.200 mmol min~'. These
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Figure 3. Concentration of hydroxyl radicals trapped as a function of
total ultraviolet irradiation time for 2.5 mol L™! hydrogen peroxide
solutions containing DIPPMPO (68 mmol L™") spin trap. Discrete
data points represent the integral intensity for the *'P NMR signal at
25.3 ppm. Data points shown are averages of triplicate experiments.
Apparent Rate Constant = 0.200 mmol L~! min~" (R? = 0.97).

data are in accord with previous EPR experiments that
have shown that when high concentrations of DEPMPO
are used, the rate of spin trapping of hydroxyl radical
generation is linear with time.'”

The apparent increase in the error distribution at
extended irradiation times warrants attention. A
source of error is associated with the residual amounts
of metals present. Besides the use of DTPA in the
spin trapping experiments, there are always residual
amounts of metals that will lead to related errors.
Another source of error could be the amount of dis-
solved oxygen in the samples. The concentration of
free radicals in the peroxide solutions, namely super-
oxide radicals which can decompose to provide
hydroxyl radicals, is influenced by the concentration
of molecular oxygen present in the sample. These
sources of possible errors can add during irradiation,
which explains why the associated standard deviation
increases with the time of UV photolysis of H,O,
(see Fig. 3).

2.3. Quantification of superoxide/hydroperoxyl radicals

2.3.1. Generation of the superoxide/hydroperoxyl radi-
cals. Our efforts to develop a new superoxide/hydroper-
oxyl quantitative analytical method, which can be
directly used for the study of organic radical processes,
demanded an effective generation system of superoxide
radical.

When the photolysis of H,O, is used to generate the
superoxide radicals, hydroxyl spin adducts are also
formed. The different radical species formed from the
UYV photolysis of hydrogen peroxide make the quantita-
tive analysis of superoxide radicals dependent on several
conditions. Besides the photolysis of H,O,, potassium
superoxide in water or enzyme systems can be used to
generate the superoxide radicals. Potassium superoxide
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(KO,), when dissolved in water, is known to generate
superoxide'? which can then be trapped along with sev-
eral other yet unidentified radical species. This mixture
of products may complicate the analysis of the single
superoxide radical. Enzyme systems can be also used
to form superoxide radicals effectively and reliably.
For this reason they are frequently used in spin trapping
experiments followed by EPR measurements.”’ Howev-
er, the concentration of the superoxide radicals generat-
ed from enzyme systems is very low. Taking into
account the detection limits of NMR, the detection of
such radical adducts could be problematic.

In our efforts to overcome these deficiencies, we used a
novel superoxide generation reaction, recently proposed
by Petlicki and van de Ven.!? These authors have pro-
posed that superoxide radicals should form when alka-
line hydrogen peroxide is in contact with oxygen, as
described by the following equation.

0, +HOO~ + HO™ « 20, + H,0 (3)

In fact, we determined this method of superoxide radical
generation to be an effective system that allowed further
expanding the scope of our work. Consequently, we
examined and explored the various reaction conditions
on the superoxide/hydroperoxide formation.

2.3.2. Influence of DIPPMPO concentration on the
DIPPMPO/OOH adduct generation. The effect of the
DIPPMPO concentration on the DIPPMPO/OOH
adduct generation was evaluated within the range
50-500 mmol L~! of DIPPMPO, using, in all cases,
300 mmol L H,O, (Fig. 4). With increasing concentra-
tion, up to 200 mmol L' of spin trap, the concentration
of DIPPMPO/"OOH radical adduct was also increased.
These series of measurements demonstrated that the
actual amount of superoxide trapped was dependent
on the DIPPMPO concentration up to about
200 mmol L™'. Beyond this point, the radical adduct
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Figure 4. Concentration of DIPPMPO/OOH as a function of
concentration of DIPPMPO. DIPPMPO (50-500 mmol L) was
added to trap the radicals at a buffered environment of pH 8.8. 3'P
NMR was used to quantify DIPPMPO/OOH after the mixture was
stirred continuously under air in the dark for 20 min.

produced was found to be constant, indicative of reac-
tion completion.

When DEPMPO is used, the intensity of the superoxide
adduct signal was found to decrease with an increasing
concentration of the spin trap. The maximum intensity
of DEPMPO/"OOH signal obtained was at 10 mmol L~
DEPMPO. On the other hand, the concentration of car-
bon-centered radical increases with the concentration of
the DEPMPO used up to 50 mmol L™". Similar tenden-
cies were observed when DMPO is used as the spin
trap.”!

2.3.3. Superoxide radical generation as a function of
H,O0; concentration. The amount of superoxide radicals
produced and trapped by DIPPMPO was also measured
as a function of the H,O, concentration. Figure 5 shows
that under the conditions used (see Section 4), the con-
centration of superoxide radicals produced and trapped
is linear with the initial concentration of H,O,, i.e., the
generation of superoxide radical is directly proportional
to the amount of the H,O, present in the system.

2.3.4. Kinetic analysis of the DIPPMPO/‘OOH adduct
generation. The superoxide radical generation, as de-
scribed by Eq. 3, measured by the DIPPMPO/OOH ad-
duct, was found to linearly increase for the ca. 200 min
from the onset of the reaction (Fig. 6). For the time
interval 0-200 min, the superoxide radical production
was found to follow a pseudo-zero-order reaction with
a rate constant of 0.4 mmol L' min~".

Beyond ca. 200 min time the radical adduct production
levels off (Fig. 6). One possible explanation for this
could be due to the concentration of the spin trap used
(100 mmol L™"). Beyond 200 min, the concentration of
superoxide radicals trapped was found to be about
70 mmol L™'. This amount of radical adduct is near

= - () N
o o o o
1 1 1 ]

DIPPMPO/OOH (mmolL™")

o
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0 160 260 360 460 560
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Figure 5. Concentration of superoxide radicals trapped as a function
of concentration of H,O,. DIPPMPO (100 mmol L) was added to
trap the radicals at pH 8.8. >'P NMR was used to provide the
quantitative analysis results after the mixture was stirred continuously
under air in the dark for 20 min. All measurements were carried out in
triplicate (linear relationship as Y =0.683 +0.0441X; with a
R*=0.995).
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Figure 6. Concentration of superoxide radicals trapped as a function
of time. DIPPMPO (100 mmol L™") was added to trap the radicals at
pH 8.8. 3'P NMR was used to arrive at the quantitative data after the
mixture was stirred continuously under air in the dark for up to
270 min.

the theoretical limit imposed by the initial concentration
of DIPPMPO used.

2.3.5. Activation energy in the formation of DIP-
PMPO/'OOH spin adducts. The activation energy in
the generation of DIPPMPO/OOH spin adducts was
determined with reactions carried out at different tem-
peratures (Fig. 7), in order to illustrate the dependence
of the spin adduct formation with the temperature. With
the increase of the reaction temperature, the amount of
DIPPMPO/'OOH generated was also seen to increase.
In the temperature range 28-50 °C, DIPPMPO/OOH
was found to follow an almost linear increase, with a
rate constant of about 1.2mmolL~!'°C~!. Above
50 °C, the increase of the DIPPMPO/OOH concentra-
tion with temperature became less obvious.

The activation energy was determined based on the
Arrhenius equation assuming that the radical adduct
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Figure 7. Concentration of superoxide radicals trapped as a function
of temperature. DIPPMPO (100 mmol L™') was added to trap the
radicals at pH 8.8 within the temperature range 28-60 °C. 3'P NMR
was used in the quantification of concentrations after the mixture was
stirred continuously under air in the dark for 20 min.

formation follows a pseudo-zero-order reaction (valid
up to 60 °C). The activation energy for the formation
process of superoxide radical adduct under the exam-
ined conditions was 33 kJ/mol (R*> = 0.98).

2.3.6. Radical species in H,O, solution as a function of
pH. The distribution of the various free radicals present
in solutions of hydrogen peroxide was examined as a
function of pH. Figure 8 illustrates the increase in super-
oxide radical concentration with increasing pH. As
anticipated, superoxide radicals were not detectable un-
der acidic conditions. However, beyond pH 6 the forma-
tion of superoxide radicals was found to markedly
increase with pH. In contrast, the concentration of
hydroxyl radicals trapped did not vary as profoundly
with pH compared to superoxide (Fig. 8). Furthermore,
there were no detectable amounts of hydroxyl radicals
trapped at pH 4 or 6. Evidently, the maximum quantity
of hydroxyl radicals trapped was found to be around
neutrality, followed by a slight decrease as the alkalinity
was increased.

The increase in superoxide radical concentration as pH
increases can be explained easily. The following equa-
tions elucidate the increase of superoxide radicals with
increasing OH™ concentrations:

H,0, +OH «~ HOO™ + H,0 (4)
H202 +HOO™ —)'OH+02'_ +H20 (5)
HOO™ +'OH < Oy~ + H,0 (6)

In the absence of transition metal ions, peroxide decom-
position is a pH dependent, bimolecular reaction that
involves the hydroperoxyl anion. An increase in
superoxide radical concentration as a function of pH
is expected since in alkaline conditions peroxide decom-
poses via various free radical intermediates (one of

160
140 |
120 ;.
100 Superoxide Radicals '/,'
801
60 1 /
40 "
20 Hydroxyl Radicals

6 8 10 12
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Concentration of Radical Trapped ( mmolL")

0 @
4

Figure 8. Concentration of radical species *'"P NMR) trapped as a
function of pH. DIPPMPO (100 mmol L™!) was added to trap the
radicals. The data correspond to the mixture continuously stirred
under air in the dark for 90 min.
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which is the superoxide radical) to yield water and
molecular oxygen.??

As one moves to more alkaline pH’s more of the hydro-
gen peroxide in the system will be in the form of its con-
jugate base (pKa(H»O,) = 11.8), therefore the formation
of superoxide radical anion should be more significant.
The hydroxyl radicals formed during the base-catalyzed
decomposition of peroxide can subsequently react with
hydroperoxyl anions to give hydroperoxyl and superox-
ide radicals:

HOO™ +'OH — OH+HOO 0, +H,0  (7)

2.4. Characterization of carbon-centered radicals

2.4.1. Generation of carbon-centered radicals. In order to
generate carbon-centered radicals, solvents such as eth-
anol and dimethylsulfoxide can be added to a system
with "OH present. Methyl radicals were generated either
by the photolysis of zert-butylhydroperoxide or through
scavenging reactions of hydroxyl radicals with dimethyl-
sulfoxide (DMSO). The methyl radicals were generated
using the "OH-dependent oxidation of DMSO in dilute
hydrogen peroxide as described by the following
equations:

‘OH + (CH3)2$O —'CH; + CH3SO,™ + H* (8)

‘CH; + Trap — Trap-CHj; 9)

These radicals were trapped using both DEPMPO and
DIPPMPO spin traps. The MS spectrum for the spin
trapping of *CH; with DIPPMPO demonstrates the nat-
ure of the radical adduct. The initial two fragmentations
are due to the losses of the i-propyl groups.

2.4.2. Hydroxyalkyl and acyl radicals. In order to pro-
duce hydroxyalkyl radicals, hydrogen peroxide was
combined with the appropriate alcohol and the sample
was irradiated with ultraviolet light.>?> These solvents
are hydroxyl radical scavengers that form carbon-
centered radicals. Hydroxymethyl (‘CH,OH) and
a-hydroxyethyl ((CH(OH)CH3)?* radicals can be read-
ily formed if methanol and ethanol are introduced in
a reaction system in the presence of hydroxyl radicals.
We found that the *'P NMR chemical shifts for the
diamagnetic disproportionation products were 22.6
and 27.3 ppm, respectively. In this work, the *'P
NMR signals for the intermediate hydroxylamines
that are formed, when dismutation occurs after the
hydroxyalkyl radical has been trapped, were negligi-
ble. In previous work by Frejaville et al.,' nitrone
and two stereoisomeric hydroxylamine signals were
observed in the >'P NMR spectra for reactions in
which "CH,OH was trapped. In their work, the nit-
rone degradation product for this radical was shifted
0.4 ppm downfield from the parent spin trap (DEP-
MPO). In the present study, the nitrone formed by
trapping "“CH,OH also appears at a chemical shift dif-
ference of 0.4 ppm downfield from the DIPPMPO spin
trap.

It has been reported that spin trapping of the
a-hydroxyethyl radical in organic solvents does result
in the production of two EPR spectra that correspond
to diastereomeric isomers.>> However, it has been ob-
served by Pou et al.?° that in EPR experiments in which
the o-hydroxyethyl radical was generated in aqueous
solution, diastereomeric isomers are not observed. In
this work, only one resonance at 27.3 ppm was observed
for the spin trapping of "“CH(OH)CH3.

Aldehydes and ketones absorb in the 230-330 nm re-
gion. This is due to the n—m* singlet-singlet transition.?’
Thus, aldehydes and ketones excited by ultraviolet light
can cleave and generate free radical species (Scheme 3).

The cleavage reaction of ketones expressed in Scheme
3 is known as Norrish Type I cleavage. It is possible
for R to be formed via secondary processes that re-
sult in the acyl radical (R’-CO") losing carbon mon-
oxide, schematically represented by the following
reactions:

CH,COCH, ™% CH,CO" + *CH; (10)

In order to produce methyl acyl radical ("C(O)CH3), ace-
tone was irradiated with ultraviolet light in the presence
of DIPPMPO and the *'P NMR spectrum subsequently
obtained. Figure 9 clearly indicates the presence of two
3P NMR signals that correspond to the DIPPMPO spin
trap (22.2 ppm) and most likely to the nitrone formed
when ethyl acyl radical is trapped.

Mass spectroscopy was also used to conclusively prove
that the signal observed at 30.2 ppm corresponds to
the structure shown in Figure 9. Unfortunately, MS/
MS as well as GC/MS did not reveal any species that
possessed a molecular ion at 305. The only molecular
ion observed was 263, which corresponds to the original
DIPPMPO spin trap. It is likely that during MS analy-
sis, under the conditions used, the structure readily frag-
mented producing species with a m/z of 263
(DIPPMPO) and 43 (acyl group). The presence of a dis-
tinct *'P NMR signal at 30.2 ppm is therefore only as-
sumed to be that of the nitrone formed when ethyl
acyl radical is trapped by DIPPMPO, since under ultra-
violet irradiation of the symmetric ketone, acetone
should afford "C(O)CHj3. Further work in this area with
acetone and other ketones is consequently ongoing for
clarifying this important issue.

)OJ\ hv

R’ R R'

J+ R

Scheme 3. Cleavage of aldehyde or ketone using ultraviolet light.
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Figure 9. *'P NMR spectrum of the nitrone formed from the UV photolysis of acetone with DIPPMPO spin trap.

Table 2. *'P NMR signals for DIPPMPO carbon-centered reaction adducts

Species Generating system Chemical shift (ppm)
DIPPMPO 22.2
DIPPMPO/CH; DMSO + 3% H,0, + UV light 23.1

"‘BuOOH + UV light
DIPPMPO/CH,OH Methanol + 3% H,0, + UV light 22.6
DIPPMPO/"CH(OH)CH; Ethanol + 3% H,0, + UV light 27.3
DIPPMPO/'C(O)CH; Acetone + UV light 30.2

Table 2 is a summary of the *'P NMR signals for the
reaction products of DIPPMPO with various carbon-
centered free radical species.

2.4.3. Examining the quantitative reliability for methyl
radical detection. UV photolysis of the organic peroxide,
tert-butylhydroperoxide (30% tert-butylhydroperoxide
by weight in water), was also carried out as a function
of time. This reaction did not generate the fert-butoxy
radical, "O(CH3);, but rather the methyl radical, "CHs.
This is expected since tertiary alkoxy radicals predomi-
nantly fragment into alkyl radicals and carbonyl species
via intramolecular rearrangements,”® as described in
Scheme 4.

Figure 10 illustrates that the relationship of the concen-
tration of generated methyl radicals is linear with
respect to the total irradiation time. The apparent rate
constant for this reaction was determined to be
0.20 mmol L™' min~". It is apparent from the graph that
the regression line does not go through the origin. This
is most likely due to the fact that the methyl radicals
formed are the result of secondary reactions. The tert-
butoxy radical is formed initially; however, subsequently
the rearrangement of this radical into acetone and the
methyl radical occurs. In Figure 9 are shown the detect-
able methyl radicals from the rearrangement reactions
of "O(CHj3)3, which do not occur until approximately
100 min.

O.
H3C+CH3
CH,

0
)1\ + °CH;

H,C~ ~CHj

Scheme 4. Decomposition of the terz-butoxy radical into ketone and
the methyl radical.

50-
45;
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Figure 10. Concentration of methyl radicals trapped as a function of
total ultraviolet irradiation of tert-butyl hydroperoxide solutions
containing DIPPMPO spin trap. Apparent rate constant=
0.20 mmol L™ min~! (R = 0.98).



4026 D. S. Argyropoulos et al. | Bioorg. Med. Chem. 14 (2006) 4017-4028

3. Conclusions

This work demonstrates that DIPPMPO spm trappmg,
when used in conjunction with quantitative >'P NMR,
is an effective tool for the identification and quantlﬁca-
tion of oxygen- and carbon-centered free radical species.
Using this technique, the radical adduct reduction prod-
ucts of a variety of free radical species can be detected.
Hydroxyl and superoxide/hydroperoxide radicals,
trapped with DIPPMPO, were detected and quantified
with the use of a phosphorus-containing internal stan-
dard. The chemical shifts for hydroxyalkyl and acyl rad-
icals were also determined using the developed NMR
spin trapping technique. The concentration of hydroxyl,
methyl radicals, and zert-butyl hydroperoxide was deter-
mined as a function of ultraviolet irradiation time. The
concentration of superoxide radicals was determined
reproducibly as a function of hydrogen peroxide con-
centration. Apparent rate constants for hydroxyl and
tert-butyl hydroperoxide radicals generated from the
photolysis of h}ldrogen peroxide were determined to be
0.200 mmol L™" min™ " in both cases. The rate constant
for the superoxide radlcal formation was determined
to be 0.400 mmol L™! min~"

4. Experimental
4.1. Reagents

Diethylenetriaminepentaacetic acid (DTPA), potassium
superoxide (KO,), 30% (w/w) hydrogen peroxide, 3%
(w/w) hydrogen peroxide, methanol, ethanol (100%),
dimethylsulfoxide (DMSO), and acetone were pur-
chased from Aldrich. Bovine erythrocyte superoxide dis-
mutase (SOD) and fert-butyl hydroperoxide were
obtained from Sigma. DEPMPO (5-diethoxy-phosphor-
yl-5-methyl-1-pyrroline-N-oxide) was obtained from
Oxis International (Portland, OR) and DIPPMPO
(5-diisopropoxy-phosphoryl-5-methyl-1-pyrroline- N-ox-
ide) was synthesized as described below. Water used in
sample preparation was distilled and deionized.

4.2. Synthesis of DIPPMPO

DIPPMPO was synthesized according to a modified
two-step procedure, in which the catalytic amount of
the Lewis acid, boron trifluoride diethyl etherate, was
added to shorten the reaction time of diisopropyl-(2-
methylpyrrolidin-2-yl) phosphonate from 12 days to 3
days in high yield (96%). It was then oxidized with
H,0, using catalytic amounts of Na,WO,. After purifi-
cation by silica column (CH,CIl,/EtOH = 10:1, v/v) or
recrystallization, the desired product was isolated.
Scheme 5 shows the synthetic steps.

/O HP(O)(OPr),, 1.1eq.
(Pro),0

20°C,

Scheme 5. Synthesis of DIPPMPO.

@ .0, NeWO,
———

Diisopropyl(2-methylpyrrolidin-2-yl ) phosphonate. 2-Methyl-
pyrroline was previously purified by distillation, with
5 A molecular sieves at 40 °C under 20 mm Hg. After
purification, 2-methylpyrroline (16.0 mL, 151.6 mmol,
1.0 equiv.) was placed in a 100 mL septa sealed flask,
which was previously oven dried and filled with nitro-
gen via syringe. Diisopropyl phoshite (28.4 mL,
166.8 mmol, 1.1 equiv.) was then added, as well as a
catalytic amount of boron trifluoride diethyl etherate
(1.76 mL, 14.1 mmol, 0.093 equiv.), both via syringe
too. This mixture was then allowed to stir at room
temperature for 72h under nitrogen. The product
was poured into a HCI solution (1 N, 120 mL) and
mixed by gentle agitation. This solution was then
washed with methylene chloride (200 mL) using a sep-
arating funnel. The organic phase containing the unre-
acted starting material was discarded and the aqueous
phase was made alkaline using saturated sodium car-
bonate solution (120 mL). The basic solution was
extracted with chloroform (40 mL x 3). The combined
organic phase was then dried using sodium sulfate
and concentrated under vacuum using a vacuum
pump. Diisopropyl (2-methylpyrrolidin-2-yl) phospho-
nate was obtained as a light colored oil (96%) and
used without further purification in the second step
of the synthetic procedure.

5-Diisopropylphosphoryl-5-methyl-1-pyrroline-N-oxide
(DIPPMPO). An aqueous solution of Na,WO,42H,0
(4.12 g, 12.48 mmol, in 1.6 L of water) was mixed with
diisopropyl  (2-methylpyrrolidin-2-yl)  phosphonate
(32mL, 303.2 mmol) in a 3.0 L reactor at 0 °C. A 30%
solution of hydrogen peroxide (60 mL, 921 mmol) was
added dropwise over 1.5h with stirring at 0 °C. The
sample was then kept for an additional 48 h at a temper-
ature of 0 °C in the refrigerator. After this time, the mix-
ture was extracted into chloroform (100 mL x 5) and set
aside. The remaining aqueous layer was saturated with
brine and subsequently extracted using an additional
500 mL of chloroform. The organic phases were then
combined and dried over sodium sulfate for a period
of 12h at 0°C. The solvent was then removed under
vacuum. The crude product, dissolved in chloroform
(~0.3gL™"), was purified by Flash chromatography
(Biotage-SP1, column: Biotage Si 25+ M 1462-2; flow
rate: 25 mL minfl; UV detection: 254 nm; gradient:
methylene chloride/ethanol (100 until 90:10)). The sol-
vent from the collected fraction containing the pure
product was evaporated under dark in a rotary evapora-
tor using at room temperature. After all the synthesis
and purification procedures, 50% by weight of an am-
ber-colored solid was obtained. The quahty of the prod-
uct was then evaluated using *'P and 'H NMR
spectroscopies. The *'P NMR spectra showed a smgle
resonance at 22.2 ppm, in agreement with the literature.?

oS
( ’PrO)ZOP N
0°C, (')
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The chemical shifts as well as the multiplicities for the
proton resonances were: 7.10 ppm singlet N=CH,
4.60 ppm multiplet CH, 2.6 ppm multiplet CH,,
2.05 ppm multiplet CH,, 1.45 duplet CH,, and
1.20 ppm duplet CH,, consistent with literature cita-
tions.® The spin trap was stored under argon at —70 °C.

4.3. Generation of free radicals for NMR measurements

4.3.1. Hydroxyl radicals. Photolysis of H>O-. Photolysis
of H,O, was used to generate hydroxyl radicals. A solu-
tion of DIPPMPO or DEPMPO (68 mmol L") and
H,0, (2.5mmol L™!) in sodium hydrogen phosphate
buffer (30 mmol L™!, pH 7.4) containing DTPA
(4 mmol L™") was prepared and the reaction mixture
transferred to a quartz cuvette. The sample was then
irradiated with a 450 W medium pressure mercury-va-
por lamp (Ace Glass Incorporated, Serial No. 7825-34,
222.4-1367.3 nm), which was used as the UV light
source. The formation of radical species was monitored
as a function of irradiation time.

Fenton system. A solution of DIPPMPO (30 mmol L")
and different concentrations of the Fenton system, in the
range 2-8 mmol L' of FeSO, (ratio of H,O,/Fe** was
1000/1), in a buffer containing DTPA (25 mmol L)
were reacted in the dark for 2 h.

4.3.2. Superoxide/hydroperoxyl radicals. Reaction of
H>0, with O, under alkaline conditions. Different
concentrations of H,O, were used to generate super-
oxide radicals in contact with oxygen under alkaline
conditions. DIPPMO (100 mmol L™") was added to
form the DIPPMPO/OOH adducts. The reaction
mixture was stirred continuously in air for 20 min
in the dark. The formation of radical species was
monitored as a function of variable amounts of
H,0..

Photolysis of H,O,. Photolysis of 30% H,O, was also
used to generate superoxide radicals. The procedure is
the same as above. When UV irradiation was not
required, solid KO, dissolved in water was used as a
source of superoxide.

4.3.3. Methyl radicals. Photolysis of zert-butylhydroper-
oxide (70% in water) or dimethylsulfoxide (DMSO) in
3% hydrogen peroxide was used to generate methyl rad-
icals. DIPPMPO or DEPMPO (68 mmol L") was add-
ed to either tert-butylhydroperoxide or 3% H,O,
containing DMSO and the reaction mixture transferred
to a quartz cuvette. The sample was then irradiated with
a 450 W medium pressure mercury-vapor lamp. The for-
mation of radical species was monitored as a function of
irradiation time.

4.3.4. Hydroxyalkyl radicals. Hydroxymethyl and
hydroxyethyl radicals were generated by hydroxyl
radical-induced hydrogen abstraction from methanol
and ethanol, respectively. Hydroxyl radicals were
produced by UV irradiation (450 W medium pressure
mercury-vapor lamp) of the appropriate alcohol in 3%
H,0..

4.4, Trapping free radicals from H,0, as a function of pH

DIPPMPO (68 mmol L") was introduced into aqueous
solutions of peroxide in acidic, neutral or alkaline pH.
Buffer solutions were used in all experiments:
pH 4 (0.05mol L™" potassium biphthalate), pH 6
(0.05 mol L™! potassium phOS}])hate monobasic sodium
hydroxide), pH 7 (0.03 mol L™ sodium hydrogen phos-
phate), pH 9 (0.05molL™" sodium bicarbonate,
0.1 mol L™! sodium hydroxide, and hydrochloric acid),
and pH 10 and 11 (0.05mol L™! sodium bicarbonate
and 0.1 mol L' sodium hydroxide). These reaction sys-
tems were purged of air with nitrogen and stirred at
room temperature for 90 min. The samples were then
examined using >'P NMR spectroscopy.

4.5. *'P NMR spectra

3'P NMR spectra were acquired on a Bruker-300
and a Varian XL-200 MHz spectrometers (operating
at 121, 49, and 80.99 MHz, respectively). The chem-
ical shifts reported are relative to external ortho-
phosphoric acid (85%). All spectra were acquired
with proton decoupling. The total number of scans
for all experiments was 256-1024 with an acquisition
time of 1.60s. Trimethylphosphate was used as the
internal standard for quantification and was added
to the sample prior to measurement. The relaxation
time (77) of the internal standard was measured
and was determined to be approximately 13.5s. In
order to decrease the relaxation time, a relaxation
agent (chromium chloride) was added to the
mixture. With the addition of chromium chloride
(30-35mmol L") to the samples prior to NMR
measurement, the relaxation time of the phosphorus
nuclei was decreased to ~200 ms. 57; was used for
the pulse delay.

4.6. Gas chromatography/mass spectrometry (GC/MS)

Structural analyses were performed using a Hewlett
Packard 5972 mass spectrometer interfaced to a Hewlett
Packard 5890-A gas chromatograph equipped with a
DB-5 30 m x 0.25 mm capillary column.

4.7. Mass spectrometry

Mass spectrometry (MS) analyses were carried out on a
KRATOS analytical MS25RFA mass spectrometer at
70 eV. The source temperature was 200 °C or a Finnigan
LC Q Duo (ESI) mass spectrometer. Samples were
freeze-dried prior to MS analyses.

The major mass spectrometric fragmentation
patterns, after GC/MS analysis, for the superoxide
radical adduct with DIPPMPO were as follows: m/
z (relative intensity %): 296(M—1, 10%), 254(100%),
212(8%). The major mass spectrometric fragmenta-
tion pattern, after MS/MS analysis, for the same
superoxide radical adduct was as follows: m/z (rela-
tive intensity %): 297(M-1, 10%), 267(8%)),
251(6%), 166(22%), 139(41%), 125(67%), 99(81%),
and 60(65%).
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The MS spectrum for the spin trapping of ‘CHj; with
DIPPMPO showed the following major fragmentation
pattern: m/z (relative intensity %): 277(M—1, 80%),

235(4%),

193(31%), 176(12%), 112(100%), 96(35%),

and 55(23%).
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