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In Situ Radiolysis Steady-State ESR Study of Carboxyalkyl Radical Trapping by
5,5-Dimethyl-1-pyrroline-N-oxide: Spin Adduct Structure and Stability

Introduction

In our preceding papérwe have reported upon the structure,
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Short-lived carboxyalkyl radicals formed in the reaction of three mono- and two dicarboxylic acids with
radiolytically produced hydroxyl radicals or hydrated electrons were trapped successfully with 5,5-dimethyl-
1-pyrrolineN-oxide (DMPO) in dilute aqueous solution. The in situ radiolysis steady-state ESR spectra of
the spin adducts were analyzed to determine accurate ESR parameters for these spin adducts in a uniform
environment. DMPO spin adducts of the five carboxyalkyl radicals were identified for the first time. Parent
radicals include carboxymethyl, dicarboxymethyl, 1,2-dicarboxyethyl, 1-amino-1-carboxymethyl (glycine
radical), and 2-carboxyethyl radicals. ESR parameters for DMPO spin adducts of carboxyalkyl radicals are
rather similar with nitrogen hyperfine coupling constants of approximately 16 G andgwitthues around
2.0054 except for glycine radical. Proton hyperfine coupling constants due-tid €ary between 21 and 25

G. Nitrogen and gproton hyperfine coupling constants are smaller than those of alkyl radical adducts with
largerg values. These changes are ascribed to the spread mf¢brjugation system to include the carboxyl
groups. Moreover, the ESR spectrum of both the carboxymethyl and the 1,2-dicarboxyethyl radical is a
superposition of spectra from adduct radicals with protonated and deprotonated carboxyl groups in the spin
addend. The protonated radical adducts have small additional proton hyperfine couplings due to these carboxyl
protons. These carboxyalkyl radicals exhibit intramolecular hydrogen bonding between the hydroxyl function
and the aminoxyl oxygen in aqueous solution, which has a profound effect upon the stability of their DMPO
spin adducts against spin adduct rearrangement and fragmentation. From carboxymethyl and dicarbexymethyl
DMPO adducts, (Ch)C(CH,CH=CH2)N(O-)CH,CO,H and (CH).C(CH,CH=CH,)N(O-)CH(CO,")COH

are proposed to form following the opening of the DMPO ring. A similar fragmentation reaction is proposed
to occur from DMPG-dicarboxyhydroxymethyl adduct formedjnirradiated tartronic acid (hydroxymalonic

acid) solution. DMPO spin adducts of glycine and 2-carboxyethyl radicals also show the small proton hyperfine
splitting, revealing the intramolecular hydrogen bonding.

Possibility of fragmentation following the ring opening was
also discussetl. Such cleavage was reported only in OH radical

ESR parameters, and stability of DMPO spin adducts, alkyl, adduct to phenyN-tert-butyl nitrone (PEN) by Kotake and
and hydroxyalkyl radicals in dilute aqueous solution. Such Janzefias far as we know.

information is necessary for kinetic studies of DMPO spin  In this study, we concentrate on the trapping of carboxyalkyl
trapping, and in turn, kinetic information such as the reaction radicals that feature strong hydrogen bonding between the

rate of spin adduct formation is indispensable for using the spin- hydroxyl group of the spin addend carboxyl function and the
trapping technique properly. aminoxyl oxygen, and a strongly electron-withdrawing effect

In the course of the study on DMPO spin adducts of Of the spin addend on the DMPO ring. These two features

hydroxyalkyl radicals, formation of strong intramolecular €nhance the polarization of theNC; bond in the appropriate
hydrogen bond was not observed clearly in our aqueous systemS€ense to produce spin adduct fragmentation. This tendency is
though it was revealed previously by Janzen étinlnonaque-  Significantly more pronounced than in the case of the hydroxy-
ous alcohol solutions. However, the interaction between the alkyl radical adducts to DMPO.

hydroxyl function and the aminoxyl oxygen could be seen in  In this work, an in situ radiolysis steady-state ESR study of
the asymmetrical ESR line shapes in the hydroxyethyl and DMPO trapping is reported with five carboxyalkyl radicals from
hydroxypropy! spin adducts. The asymmetrical ESR spectra chloroacetate, 3-bromopropionate, malonic acid, succinic acid,
were observed when the addition of a prochiral parent radical and glycine. The spin adduct stability is also examined in the
to DMPO produced a spin adduct radical with two adjacent context of the above-mentioned intramolecular interactions.
chiral centers. Hydrogen bonding of the hydroxyl substituent

of the parent radi(_:al_ to th_e aminoxyl oxygen prodl_J_ces a Experimental Section

population of two distinct spin adducts. The superposition of

the two ESR spectra leads to the asymmetric line shapes. Experimental procedures were essentially the same as de-

scribed in our preceding paperSample solutions were prepared
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and used without further purification. ESR measurements were
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TABLE 1: ESR Parameters for DMPO Spin Adducts of Carboxyalkyl Radicals at Neutral pH

parent radical g factor a(N, NOp a(H, C;—H)?2 other hyperfine couplindgs

CH,COH 2.00541+ 2 x 10°° 16.08+ 0.02 22.78+ 0.01 a(H, COOH) 1.68+ 0.02
CH,CO,~ 2.00540+ 2 x 10°° 16.134+ 0.02 22.83+0.02 unresolved

CH(CG,)COH 2.00547+1x 10°° 15.86+ 0.03 23.22+ 0.04 a(H, COOH) 0.69+ 0.03
CH(CQ,")COHP 2.00565+ 1 x 10°° 15.14+ 0.02 4.03+ 0.03 unresolved
CH(CO,")(CH,CO,H) 2.00541+ 1 x 10°° 16.05+ 0.02 20.95+ 0.03 a(H, COOH) within line width
CH(CO)(CHLO, ) 2.00543+ 1 x 10°° 15.874+ 0.02 25.27+ 0.03 unresolved

CH(COH)NH3* 2.00553+1x 10°° 15.59+ 0.01 22.43+0.01 a(H, COOH) 0.69+ 0.01
CH,CH,CO,H 2.00541+ 1 x 10°° 16.13+ 0.01 22.99+ 0.02 a(H, COOH) 0.80+ 0.02

2 Hyperfine coupling constants in Gauss (1=61 x 10~ mT). » ESR parameters for the rearranged spin adduct radical.

usually performed on freshly prepared sample solutions. Thetion effects were negligible. The ESR spectrometer and
solutions were unbuffered for these steady-state studies. Ifassociated data acquisition system are described elseuhere.

necessary, the pH of sample solutions was adjusted using a smalESR spectrum of irradiated water itself was recorded each day
amount of dilute aqueous KOH (Fisher) solution or using and was subtracted from that day’'s DMPO-spin adduct ESR
equimolar KOH to sample acids, to observe ESR spectra in spectra to correct the baseline arising from the color-center

neutral region. Solution pH was measured using a Radiometer-signal in the irradiated quartz ESR flat cell.

Copenhagen model PHM84 meter.

The concentrations of parent compounds were 63 M,
except for glycine (0.5 M). Most parent radicals were formed
via reaction with hydroxyl radicals produced by water radiolysis.
Carboxymethyl, dicarboxymethyl, 1,2-dicarboxyethyl, and
1-amino-1-carboxymethyl radicals were derived by hydrogen
abstraction from sodium acetate (Fisher), malonic acid (Aldrich),
succinic acid (Aldrich), and glycine (Fluka and Aldrich),
respectively.

Reaction of the hydrated electron with chloroacetic acid or
bromoacetic acid (Aldrich) and 2-bromo- and 3-bromopropionic
acid (Aldrich) produced carboxymethyl, 1-carboxyethyl, and
2-carboxyethyl radicals, respectively. Inthese cases, Gdriv
butanol (2-methyl-2-propanol) or sodium formate was usually
added to the nitrogen (ultrahigh purity, Mittler)-deoxygenated
solution to scavenge radiolytically produced hydroxyl radicals.

Other carboxylic acids and related ester examined in this work

are tartronic acid (hydroxymalonic acid, Aldrich), propionic acid
(Aldrich), malic acid (Aldrich), glutaric acid (Aldrich), anert-
butyl formate (Aldrich).

The magnetic field was measured by NMR methods, @ith
factors measured with respect to that of the sulfite radical anion,
SOy~ recently redetermined ag = 2.003 162 ESR line
positions were measured using the Lorentzian/Gaussian fitting
functions included in the IBM PC-based data analysis program
ORIGIN. The line positions were analyzed to dergyéctors
and proton and nitrogen hyperfine couplings for parent and spin
adduct radicals, taking second-order splitting into acc8ditte
ESR parameters of spin adduct radicals are summarized in Table
1. Standard deviation of these parameters are mostiyi Q>
in g factors and 0.02 G in hyperfine coupling constants.

Single-pulse electron irradiation with;& duration and 200
mA intensity was also carried out to see the time profile of the
decay of spin adducts of dicarboxymethyl radicals from malonic
acid. Single-frequency field modulation and phase-sensitive
detection at 25 kHz were used in this experiment.

For comparison, persistent radicals from spin trapping reac-
tions were produced by -12 min y-irradiation of parent
compounds-DMPO solutions within a Shepherd model%0®
irradiator, having a dose rate of 1.1¢ 10* rad/min. Total

The DMPO concentration used in these studies varied from r5gjcal concentrations were 7346uM L 110 These selected
1to 10 mM. Since the rate constants of most parent compoundscompounds fo-irradiation are sodium acetate, malonic acid,

with hydroxyl radicals are #3-1° L (mol s)™! 45 and that of
DMPO is 2.8 x 10° L (mol s)™15 greater than 85% of the

tartronic acid, and glycine. Initial ESR spectra were usually
acquired at least 2 min after sample irradiation. An IBM/Bruker

hydroxyl radicals react Wit_h thPT parent (_:ompounds. Except for er 100 spectrometer was used to acquire X-band (9.8 GHz)
the halogenated carboxylic acids mentioned above, the sample=gR spectra of persistent radicals in second-derivative presenta-
solutions were deoxygenated with nitrous oxide (U.S.P. grade, jon py detecting the second harmonic of the 50 kHz modulation
Mittler) to convert radiolytically produced hydrated electrons frequency. An alkaline aqueous solution of Fremy's salt
into hydroxyl radicals. (peroxylamine disulfonate dianion radical, Alfa) wittydactor

In situ radiolysis steady-state ESR spectra were recorded byt 2 005 54 and nitrogen hyperfine splitting of 13.01 G was

iradiating flowing cooled aqueous solutions of the parent ,seq for the calibration of line positions measured using this
compounds and DMPO within the ESR cavity using a 2.8 MeV gpectrometel?

electron beam from a Van de Graaff accelerator. AuA5dc
beam was used to produce a steady-state concentration of spi . .
adduct radicals for field-modulation ESR spectra. When Resuits and Discussion
necessary to avoid secondary reactions, the beam current was Both o- and 3-carboxyalkyl spin adducts to DMPO were
decreased to 0.8A. The solution temperature was within the  definitively observed for the first time in this study. ESR
range 15-19 °C. The solution flow rate varied between 20 parameters are summarized in Table 1. They are rather similar
and 32 mL/min. The use of such a fast flow minimizes the with nitrogen hyperfine coupling constants of approximately
intensity of spurious long-lived secondary radical products 16 G and withg values around 2.0054 except for glycine radical.
relative to the spin-adduct radicals. Proton hyperfine coupling constants due to-El vary between
X-band (9.2 GHz) in situ radiolysis ESR spectra of steady- 21 and 25 G. Nitrogen and xproton hyperfine coupling
state radical population were recorded in second-derivative constants are smaller than those of alkyl radical adducts with
presentation using magnetic field modulation and sequential largerg values! These changes are ascribed to the spread of
phase-sensitive detection at 100 kHz and 200 Hz to determinethe r-conjugation system to include the carboxyl groups. The
the line positions for the parent and spin adduct radicals. spin adduct radicals identified in this work were DMPO
Microwave power was sufficiently low such that power satura- carboxymethyl, DMPG-2-carboxyethyl, DMPG-dicarboxy-
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methyl, DMPO-1,2-dicarboxyethyl, and DMP©1-amino-1- intensified interaction is demonstrated by this additional 1.68
carboxymethyl. All but the last two parent radicals are G proton coupling in the ESR spectrum, owing to the hydroxyl
symmetric about the site of the unpaired electron and are proton hydrogen-bonded to the aminoxyl oxygen.
egzec’ied_r';]o prt(r)]duct:\(; only orle sggre|0|somer|c forT .Of th; SpIII’:j The persistence of this coupling into the higher pH range is
adduct. 1he otheriwo parent radicals are asymmetric and Couldg, o\ pat unexpected since thi€,mf acetic acid is 4.8, but

form a pair of spin adduct radicals exhibiting stereoisomerism the presence of the small coupling indicates the interaction of

if, as in the case of the hydroxyalkyl spin adduct radiéads, P . :
intramolecular association between the aminoxyl function and the.zwmenonlp caqonlcal form Of. the DM arbpxyalkyl
radical adduct is an important contributor to the radical structure.

the parent radical substituent can inhibit rotation about the C . L .

N1 bond to resolve the differential magnetic interactions of the 1N negative charge contribution from the aminoxyl center and
two isomers. A complicating feature in the carboxyalkyl spin the. carboxylate f.ragment .|r.1t.eract in the same manner as in the
adduct is the pH-dependent protonation state of the parent radicaf@licylic acid radical, stabilizing the protonated radical beyond

substituent. These factors interact differently for each system the [Ka of the carboxylic acid substituent itself. In addition, a
studied as described below in detail. carboxyl proton of acetic acid becomes more acidic inyCH

(1) DMPO—Carboxymethyl Spin Adduct. The prototype CO,H radical without the electron-donqting characte_r of a
carboxyalkyl spin adduct shows an ESR spectrum at neutral Methyl group. The K, value was determined to be 4.5 in the
pH that is the superposition of the protonated and deprotonatedradical by optical pulse radiolysis, down from 4.76 in the &¢id.
spin adduct radicals. Thgfactor of the deprotonated species, [N a DMPO spin adduct, the electron-attracting character of an
2.005 40, is the same, to within experimental error, as that of aminoxyl group might enhance the acidity to some extent. The
the protonated form, 2.005 41. Theaséactors are higher than  initial structure in the dicarboxymethyDMPO spin adduct
those of the alkyl radical adductsndicating an increase in  fragmentation scheme (see section 3 below) shows the favorable
spin—orbit interaction in the carboxyalkyl spin adducts. The geometry for the interaction of the carboxymethyl spin addend
aminoxyl nitrogen splitting is 16.13 G in the deprotonated form, group with the partial negative charge upon the aminoxyl oxygen
while itis 16.08 G in the protonated adduct. In both cases theseatom.
are smaller than the value afH, C,—H) observed in the DMPO
alkyl adducts. These parameters are consistent with substantialO
m-orbital overlap between the aminoxyl fragment and the
carboxyl function, a feature common to all the carboxyalkyl
radicals examined in this study. The hyperfine couplin . . .
constants due to &£ H are 22.78 ):'de 22.83y?5 in protonff\)tedg due to one aminoxyl nitrogen Spl'tt'n@@\'t NO) = 16.4 G.at
and deprotonated form, respectively. The magnitude of the PH 9-1and 15.8 G at pH 11.2), and couplings to two equivalent
coupling indicates that, as in the DMP@lky! spin adducts, protons @(H, CH;) =5.8 G at pH 9.1 and 8.4 G at pH 11.2).
the equatorial alignment of the bulky parent radical substituent These spectral parameters are quite different from the DMPO
at G, positions the G—H fragment near parallel to the unpaired hydrogen atom adduct but are reminiscent, if not closely, of
electron symmetry axis, resulting in efficient hyperconjugation. the MNP-carboxymethyl spin adduétwith g = 2.005 63a(N,
Unlike the alkyl radical adducts whose steric requirements dic- NO) = 16.15 G, andi(H, CH;) = 8.41 G. The time course of
tate the extension of the alkyl chain outward into the equatorial this rearrangement reaction is shown in Figure 1, with the
plane, the attractive interaction between the aminoxyl and solution at pH 11.2. This new species must be the result of the
carboxyl functions facilitates the formation of the intramolecular opening of the DMPO ring, with subsequent adduct moiety
cyclic structure. The €-H bond is therefore less constrained migration to the aminoxyl center to produce (§4C(CH.CH=
in the axial position, and ring motion then causes a smaller CH,)N(O+)CH,CO;H. Since the second spectrum from the top
average proton splitting than in the case of the alkyl adducts. in Figure 1 shows sharp ESR lines under 10 times smaller

In the DMPO-carboxymethyl radical adduct at neutral pH, modulation width than the others, the carboxyl group is probably
the line shape has a triplet-like structure with an approximate deprotonated. An analogous fragmentation reaction occurs with
line separation of 0.84 G. However, there was pH dependencegreater facility in the DMP@&malonic acid radical adduct,
with this splitting; shoulders started to appear on each peak atwhere the rearrangement occurs quickly under milder conditions
pH 6.9 and the splitting was observed at pH 9.1 and 10.4, but (see section 3 below for details).

it was not observgd at pH. 49 and .11.2 }nlrradl.atlon . (2) DMPO—2-Carboxyethyl Spin Adduct. This B-car-
experiments. In the intermediate pH region, two species having boxyalkyl radical spin adduct serves as a complement to the
slightly different aminoxyl nitrogen hyperfine couplings over- . .

gty y 9 My Ping DMPO—a-carboxyalkyl radical adduct, since th&pvalues

lapped. One spectrum reveals a 1.68 G coupling, while the -
other spectrum appears without this small splitting. Therefore, of the parent compounds are different. The ESR spectrum

we could not assign this splitiing to the methylenic protons of ecorded during continuous electron irradiation of a nitrogen-
the carboxymethyl parent radical. We assign this composite Saturated, 0.1 M solution of 3-bromopropionate in the presence
spectrum to a superposition of the DMPGH,CO,H adduct ~ Of 4.4 mM DMPO shows the dominant aminoxyl species in
with intramolecular hydrogen bonding, producing an additional the DMPO-2-carboxyethyl adduct, with a smaller contribution
small proton splitting, and the DMPECH,CO, adduct. This  from DMPO-OH and a trace of DMPOH. The spectral
small coupling is characteristic of the carboxyalkyl spin adducts parameters of DMP©2-carboxyethyl argg = 2.005 41,a(N,
to DMPO. OH adduct to DMPO was also observed at pH 4.9, NO) = 16.13 G,a(H, C;—H) = 22.99 G, anda(H, COOH)=
6.9, 9.1, and 10.4 and H adduct to DMPO was predominant at0.80 G. The doublet structure of the individual lines is clear
pH 11.2. throughout the spectrum, consistent with the assignment of the
In DMPO—carboxyalkyl radical adducts with two carbons DMPO—carboxymethyl spectrum. It should be noted that, for
between G and OH, stronger hydrogen bonding is expected to this adduct species, no rearrangement product was seen under
form a six-membered ring bridging an aminoxyl oxygen. The the various experimental conditions employed, indicating that

At long times posty-irradiation, and in alkaline solution (at

H 9.1 and 11.2), a transformation occurs, yielding an aminoxyl

species with appreciably different parameters than the starting
spin adduct. The spectrum has the form of a triplet of triplets
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d’(ESR Signal) / dH’

5G

Viy = 9.828 GHz 3461.7 G---

Magnetic Field

Figure 1. Change in ESR spectra of DMP&@arboxymethyl spin
adduct with time after 1 miny-irradiation of aqueous solutions
containirg 1 M sodium acetate, 0.4 M bromoacetate, and 10 mM DMPO
at pH 11.2. The lower-field half of each ESR spectrum is reproduced.
The dotted line shows the center of each spectrum. The intensity of
ESR spectral lines for the spin adduct radical, DMPO,C8,,
decreased and that for the fragmentation radical, sJf8HCH,CH=
CH,)-N(O-)CH,CO;, increased with time course from bottom to top
aftery-irradiation. The second spectrum (from the top) was measured
using 10 times smaller modulation width than the others to show the
separation of each spectral line.

proximity of the carboxyl function to the £position in the
DMPO ring is an important factor in the rearrangement reaction.

Though a small doublet ascribed to a hydrogen-bonded proton

was observed, the triplet due to gprotons in the addend was

not observed, showing the electron-attracting character of an

aminoxyl group.

In the reaction of propionic acid with hydroxyl radical and
2-bromopropionic acid with hydrated electron, only parent
1-carboxyethyl radicakCH(CHs)CO,~ was identified at pH 8.
ESR parameters agree well with those reported by Hewgill and
Proudfoot!® The 2-carboxyethyl radicaltCH,CH,CO,™~, was

Taniguchi and Madden

DMPO-Malonate

d2(ESR Absorption)/dH

g=2.00316 235G

Figure 2. ESR spectra of aqueous solution containing 0.1 M malonic
acid and 1 mM DMPO during continuous electron irradiation at pH
7.2. The simulated spectra below show the ESR line shape of two types
of DMPO—dicarboxymethyl radical adducts with and without carboxyl
proton splitting and intramolecular hydrogen bonding between carboxyl
and aminoxyl groups. The spectral simulation was performed using
the ESR parameters in Table 1 assuming a Lorentzian/Gaussian line
shape.

flow conditions at neutral pH shows a single spin adduct, with
g = 2.005 47,a(N, NO) = 15.86 G,a(H, C,—H) = 23.22 G,

and a(H, COOH) = 0.69 G, consistent with the spectral
characteristics of the DMP@monocarboxyalkyl radicals. Un-
der slow flow conditions, at pH 7.0 and above, a second
aminoxyl radical signal grows in dramatically. The ESR
parameters for this radical DMP&licarboxymethyl aregy =
2.005 65a(N, NO)=15.14 G, an&(H, CH)=4.03 G. These
two aminoxyl species are present in the ESR spectrum under
continuous irradiation conditions as shown in Figure 2 with the
two simulated spectra of species A (upper) and species B
(lower).

From the time profile of the decay measured using single-
pulse electron irradiation, species A is rather stable and species
B decays faster with half-life of 0.8 min. If the same sample
solution is irradiated in &Co-y source and then examined
within 1 min postirradiation, only the ESR spectrum consisting
of six doublets (species A) is seen. The transient spectrum
(species B) has a largey factor and a much smaller proton
hyperfine coupling than is typical of other nitrone spin adducts.
The detailed changes in the appearance of the ESR spectra at
fixed flow rates and varying pH are shown in Figure 3.

The small proton splitting in the rearranged spin adduct
radical is inconsistent with the geometric constraints of the

not a major species under our conditions. Both were observedpypo ring system, so an open chain form of the aminoxyl

in approximately equal intensity in the TiglH,O, oxidation
systemt3

From electron-irradiated aqueotgst-butyl formate solution,
intense spectral lines of DMPO adduct were observed with ESR
parametersy = 2.005 39,a(N, NO) = 15.71 G, anda(H, CH)

radical must be involved. The most likely structure for such a
radical would result from a transformation parallel to that
observed for the DMP©carboxymethyl adduct; this would
result in an aminoxy! radical of the structure R(§}C—N(O-
)—CH(CO, )., where R is the alkyl fragment resulting from

=18.71 G. Absolute line pOSitionS are almost the same as thosering Opening_ The ESR Spectrum of this Species B is similar

of CO,~ adduct! suggesting thatCO,C(CHs)z was not the
trapped species here.

Another radical adduct, DMPECH,C(CHs),OCO, was also
identified as a minor component. A proton hyperfine coupling
due to G—H, 25.38 G, is the largest one in this study, showing
favorable conformation around theNC, bond for hypercon-
jugation. Theg factor of 2.00541 and nitrogen hyperfine
coupling constant of 15.82 G are similar to those of structurally
related 2-carboxyethyl radical adduct.

(3) DMPO—Dicarboxymethyl Spin Adduct. The a-dicar-
boxyalkyl radical adduct derived from malonic acid under fast

to that of the MNP spin adduct, C(GH—N(O-)—CH(CO,)-
R’, formed by the reaction of MNP and carboxyalkyl radicals
R'. For examplea(N, NO) = 15.0 anda(H, CH) = 2.85 G
for R = CO,™ in a mixed solvent of BO andtert-butanol (1:
1).* The rearranged DMP&dicarboxymethyl adduct is almost
certain to have a different structure thanteat-butyl group
adjacent to the aminoxyl center. This structural feature and the
dilute aqueous environment could account for the increased
coupling constants observed here.

The inference from the aforementioned considerations is that
the electron-withdrawing nature of the dicarboxymethyl sub-
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Figure 3. Partial ESR spectra of DMPECH(CO, )CO,H radical
adducts at pH 4:68.0. These spectra are from the region containing
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group must be protonated. However, the doublet due to a
carboxyl proton was not observed here below pH 6. This
discrepancy might be explained as follows; an aminoxyl group
is surrounded by many protons at lower pH, which weaken the
hydrogen bond between the aminoxyl oxygen and carboxyl
proton so that the proton hyperfine splitting may vanish.

In order to pursue the pH effect further, we examined the
pH dependence of ESR parameters for malonic acid radical
itself. The hyperfine coupling constant of tlheproton, a(o-

pH 6 /\ H), changed as follows with pH values in parentheses: 20.26
fast flow G (pH 2.0), 20.25 (2.1), 20.24 and 20.22 (4.3), 20.31 and 20.02
‘ (5.8), 19.88 (7.2), 19.94 (10.5), and 19.94 (12.3). Other reported
values are 20.29 G (pH 1.7) and 19.81 (5@)nd 19.95 (1236
pH 4f The value ofa(a-H) in acidic form is supposed to be 20.32 G
fast flow

mw\/w

DMPO - Malonate

5G

in 0.4 M H;SO,. 1" At pH 5.8, two forms existed almost equally.
We thus reconfirmed the secondKgpof carboxyl proton in
malonic acid radical is 5.7, the same as that of the parent acid,
as obtained by optical pulse radiolysis measureméntdow-
ever, we could not determine the firsKpbecause of line
broadening in ESR spectra around pH 3. Simic et al. did not

thely = 0 component on the low-field portion of the spectrum shown €ither, and they only cited the firskp of the acid as 2-8&
in Figure 2. Asterisks indicate lines belonging to the spin adduct radical Therefore, there might be an appreciable increase ofkhénp
fragmentation product (see text). These spectra were obtained by inDMPO adduct, leading to the protonated form even at higher

situ radiolysis of NO-saturated aqueous solutionsiwi M malonic
acid and 1.1 mM DMPO at pH 4.0 and pH 6.0 andhwit M malonic
acid and 1.1 mM DMPO at pH 7.0 and pH 8.0. For the lower three

pH.
A similar fragmentation reaction leading to (€hLC-

traces, the solution flow rate was increased over that used in Figure 2.(CH2CH=CHz)N(O-)C(OH)(CQ,")COH might occur iny-ir-

radiation of tartronic acid (hydroxymalonic acid) and DMPO

SCHEME 1 proceeding from a DMP©dicarboxyhydroxymethyl adduct.
H H H H The rearranged aminoxyl radical shows three broad lines with
H,cH a(N, NO) of 16.5 G, which is similar to 16.70 G in MNP

H,C

HH H3CH HH
- 1%: ®
N H,C |
(o)

C(OH)(CHp)2 adduct? The line width of this species and that
of the initial spin adduct radical were too broad to be directly
observed in in situ radiolysis steady-state ESR experiments

where hydroxyl and hydrogen adducts to DMPO were the major
l species observed.
(4) DMPO—1,2-Dicarboxyethyl Spin Adduct. This dicar-
boxyalkyl radical is the first dicarboxylate in this study that is
H asymmetric owing to covalent bonding of the parent molecule.

H3C>£15 _co: HSCHE ;HH Since this adduct would be expected to hydrogen bond to the
H;C hII#CH\co H -~ L H aminoxyl center in the same manner as the symmetric carboxy-
o- ! e b. ecHCco; lates, two different spin adduct ESR spectra are expected and

H__C=0 found. The first has g factor of 2.005 43, aminoxyl nitrogen
o splitting of 15.87 G, and proton hyperfine splitting of 25.27 G.

stituent combined with hydrogen bonding to the aminoxyl Although the parent compound, succinic acid, is expected to
oxygen provides a channel for spin adduct fragmentation and b€ protonated at both carboxyl groups at neutral pH, no further
rearrangement fo”owing the ring Opening of DMPO Spin Spllttlng is observed in this radical. TthVaerS for succinic
adducts. Resultant aminoxy| radical seems less resistant toaCid radical are assumed to be 3.3 and 4.3 but are still uncertain
second-order termination than the initial spin adduct radical. by optical pulse radiolysis measuremetitsThe increase in the
Kotake and Janzérshowed a fragmentation pathway in the pKa value is again assumed in the DMPO adduct with a pI’Oton
decay of the PBN-hydroxy! radical spin adduct, yielding an  Present in at least one carboxyl group. The second adduct has
MNP anion radical and a benzaldehyde molecule. An analogous@ 9 factor of 2.005 41 and an aminoxyl coupling of 16.05 G
reaction could be catalyzed by the carboxyalkyl substituent With a -proton coupling of 20.95 G. The ESR spectral line
(Scheme 1) The efﬁciency of such fragmentation reaction is width of this radical is noticeably |arger than those of the first
expected to show a strong pH dependence. Aqueous solution$SPecies, suggesting the carboxyl proton coupling is small enough
of 0.1-2 M malonic acid and 1:25 mM DMPO were adjusted ~ t0 be unresolved in both species. No facile rearrangement
to pH values of 1.0, 4.0, 6.0, 7.0, 8.0, or 10.5 and subjected to chemistry was noted in this system, again underscoring the rather
continuous electron irradiation. As shown in Figure 3, the Specific geometric requirements for the adduct fragmentation
fragmentation radical marked by asterisks in the ESR spectrumteaction to occur.
appears dramatically at pH 8.0 using fast flow. Its concentration The parent free radical in this case is sufficiently unreactive
increased at higher pH and at slower flow rate showing the slow that the choice of an optimum spin trap concentration is
fragmentation reaction from species A to B. On the other hand, confounded by the tendency of the spin trap to react with the
the doublet due to a carboxyl proton appears first as shouldersprecursor radicals for the radiolysis of water. In Figure 4, we
at pH 6.0 then starts to be separated at pH 7.2 (see Figure 3)show the changes in the ESR spectrum as a function of the
showing stronger hydrogen bonding. At lower pH, the carboxyl spin trap concentration. Clearly, there is a narrow window



6758 J. Phys. Chem. A, Vol. 102, No. 34, 1998

0.1 M Succinate

)

L | \

1 $CH(CO, )CH,CO,
+3 mM DMPO
L DMPO-CH(CO,H)CH,CO,
 S—

L1 DMPO-CH(CO, )CH,CO,

/\/\A/ q +10 mM DMPO

g = 2.00044—

+ 6 mM DMPO

[ —

25G
Figure 4. Changes in the ESR spectrum of DMP® 2-dicarboxyethyl
spin adduct as a function of the spin trap concentration. Electron-
irradiated aqueous solutions contained 0.1 M succinic acid and DMPO.
The concentrations of DMPO were 0, 3, 6, and 10 mM, respectively,

Taniguchi and Madden

proton coupling constant of 0.69 G. The small proton hyperfine
coupling reveals the intramolecular hydrogen bonding. Al-
though this radical is asymmetric, it is interesting to note that
only one ESR spectrum is observed in this system. The
intramolecular association between a carboxyl proton and an
aminoxyl oxygen might inhibit rotation around the-€N; bond

and happen to show no difference in magnetic interaction among
the expected diastereomers of this spin adduct.

From ay-irradiated aqueous glycine solution at pH 11, an
additional CQ~-type spin adduct was identified with the
following ESR parametersay = 15.4 anday = 18.4 G. Asmus
et al. found CHNH> radical via electron transfer and decar-
boxylation after OH addition to a free electron pair at the
nitrogen of glycine in basic aqueous solut@nArmstrong et
al. proposed the formation of NBH,CO,: is inaccessible with
OH from solution thermochemical consideratidasSo far, no
reaction scheme can be proposed to show the formation of
CO,-type spin adduct from the irradiated glycine solution.

Concluding Remarks

Spin adducts with DMPO were identified for the first time
from two aliphatic carboxylic acids, one amino acid, and two
dicarboxylic acids. Parent radicals include carboxymethyl,
dicarboxymethyl, 1,2-dicarboxyethyl, 1-amino-1-carboxymethyl
(glycine radical), and 2-carboxyethyl radicals. In all spin
adducts except deprotonated radical adducts, additional small
proton hyperfine coupling constants around-8177 G were
observed. Both nitrogen and @roton hyperfine coupling
constants are smaller arglfactors are larger than those of
DMPO—alkyl radical adduct$,suggesting the spread @fcon-

from the top. The pH value of the sample solutions was adjusted to jugation including carboxyl groups. However, ESR parameters

6.6. ESR spectral lines due to succinic acid radiC#(CO, )CH.CO,~

were observed in the top two traces. Those of DMPO-CH{)OH,-
CO,” adduct (second stick figure from top) and the DMPO-CH-
(CO;)CHCO,~ adduct (third stick figure from top) were observed
with DMPO, but most clearly in 6 mM DMPO. In the lower two spectra
hydrogen atom and/or hydrated electron adducts to DMPO were

did not change much from those of hydroxyalkyl radical
adducts. The DMPO spin adduct of 1,2-dicarboxyethyl radical
showed an exceptionally large-€H proton hyperfine coupling
constant 25.3 G, with a rather small nitrogen coupling constant
15.9 G. Bulky carboxyl substituents are considered to result

observed to be appreciable spectral components, in addition to a minorin @ steric conformation much more favorable to hyperconju-

hydroxyl radical adduct. Thgfactor (2.000 44) indicator for the color-
center in irradiated quartz is shown at the bottom of the figure.

where optimum scavenging of the carboxyalkyl radical occurs,
while at higher DMPO concentrations, the hydroxyl radical,

gation.

One of the most interesting aspects in this study was to
observe both protonated and deprotonated forms when trapping
carboxymethyl and 1,2-dicarboxyethyl radicals from sodium
acetate and succinic acid. One shows strong, specific intramo-

hydrogen atom, and hydrated electron are scavenged by the trapecular interaction between the hydroxyl function of the pro-
perturbing the overall chemistry. This shows the advantage of tonated carboxyl moiety and the aminoxyl oxygen, as evidenced

knowledge of specific rate constants for spin trap reaction when
designing spin-trapping experiments.

by an additional small proton hyperfine splitting in the ESR
spectrum of DMPG-carboxymethyl adduct. The geometry is

With malonic acid and succinic acid, parent radicals, favorable for a strong hydrogen bond to form. This interaction

~,0CCHCO;,~ and—0CCHCH,CO,~ were also observed. The
ESR parameters are in excellent agreement with literature
valuest®

From malic acid and glutaric acid, only parent radicals,
~20CQ07)CH,CO,~, -,0CCH,CHCH,CO,~, and—,0CCH;-
CH,CHCO,~ were identified with ESR parameters that cor-
respond closely to those reported previolf8lif:2

(5) DMPO—Aminocarboxymethyl Spin Adduct. In the

can have a profound effect upon the stability of the adduct
radical. The DMPG-dicarboxymethyl adduct shows this
clearly.

To our best knowledge, there is only one report in which
stereoisomer radicals were observed in diastereomers in DMPO
adducts of aliphatic alcohol radic&sIn our study, the rather
bulky carboxyl group has a preference for two sterically
preferred configurations, one for each diastereomer. The strong

glycine spin-trapping experiments, it was found that for any hydrogen bond, however, overwhelms steric effects, causing
reasonable concentration of DMPO added to the glycine solution similar configurations and similar ESR spectra for both isomers.
the concentration of the hydroxyl radical spin adduct was  The electron-withdrawing inductive effect of the dicarboxy-
relatively high, indicating the hydroxyl radical’'s low reaction methyl substituent leads to opening of the DMPO ring,
rate constant with the zwitterionic form of this amino acid. The producing an aminoxyl radical less resistant to second-order
concentration used for glycine was comparatively high (0.5 M), termination. A similar fragmentation mechanism is possible
and 3 mM DMPO was used for this study. The ESR parametersfor DMPO adducts of carboxymethyl and dicarboxyhydroxy-
areg = 2.005 53, an aminoxyl nitrogen coupling of 15.59 G, a methyl radicals. The efficiency of this fragmentation reaction
proton hyperfine coupling constant of 22.43 G, and a carboxyl shows a strong pH dependence.
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