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Three N-aryl-C,C-dimethoxycarbonylnitrones were shown to be efficient tools to detect and
identify carbon-centred free radicals by coupling the spin trapping method with both EPR
detection and MS/MS structure elucidation. The fragmentation pathway of these ketonitrones
was first studied by MS/MS. Then, these compounds were used to trap a series of four carbon-
centred free radicals and the so-formed spin adducts were analysed by the means of two
techniques. EPR spectroscopy allowed to easily detect their presence in the medium, while their
structure elucidation was performed using tandem mass spectrometry. The zert-butyl radical spin
adducts showed very weak EPR signals and could not be detected by MS, probably because of a
sensitivity issue. In the other cases, collision-induced dissociation of the various spin adducts
mainly proceeds via three pathways, consisting of the elimination of the arylnitroso fragment, the

radical initially trapped, or the methoxycarbonyl radical. The relative rate of these dissociations
was observed to highly depend on the nature of the radical trapped. MS/MS analysis of the spin
adducts allows unambiguous identification of the addends. This study also showed an unexpected
reactivity of these ketonitrones towards *CHj, resulting in the formation of EPR-silent
methoxyamines. All these results demonstrate the potential of N-arylketonitrones in the
identification of short-lived free radicals by the means of the spin trapping/EPR/MS technique.

Introduction

Spin trapping in conjunction with electron paramagnetic
resonance (EPR) spectroscopy is an efficient technique to
detect free radicals produced in both chemical and biochem-
ical processes. Ideally, it involves a reaction between a tran-
sient free radical and a diamagnetic spin trap, usually a nitrone
or a nitroso compound, yielding a persistent aminoxyl radical
whose EPR parameters provide information about the addend
(Scheme 1).! Ketonitrones have been commonly used as
precursors in the synthesis of natural products,>® but rarely
as spin traps,* while different aldonitrones have been em-
ployed in hundreds of EPR/spin trapping studies. This is
partly due to the difficulty encountered in their synthesis, most
of the methods commonly used to obtain aldonitrones being
not transposable to the preparation of ketonitrones.® Another
limitation to the use of ketonitrone spin traps results from the
difficulty in the addend identification on the basis of the spin
adduct EPR spectrum, because of the absence of hyperfine
coupling with a B-hydrogen nucleus.!> Note however that this
lack of hydrogen in the B-position towards the nitrogen could
also be an advantage since it precludes a disproportionation
reaction of the aminoxyl spin adduct, thereby enhancing its
life-time.

Recently, we described the synthesis of seven N-arylketoni-
trones.” Among them, three N-aryl-C,C-methoxycarbonyl-
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nitrones, namely the dimethyl [oxido(phenyl)imino]malonate
1, the dimethyl [oxido(phenyl)iminolmalonate-ds 2 and the
dimethyl  {[4-(methoxycarbonyl)phenyl](oxido)imino}malo-
nate 3, showed the most interesting performances in spin
trapping chemistry (see Scheme 1). Compound 1 is very easily
obtained from nitrosobenzene: its low cost synthesis allows its
use in large amounts generally necessary for biological appli-
cations. Its deuterated analogue 2 yields various spin adducts
with simple three line EPR signals. The particular properties
of 3 results from the presence of an electron withdrawing
group in the para position: it seems to favour the spin trapping
reaction and precludes an eventual duplication of the N-
arylaminoxyl radical.® These three ketonitrones were found
to trap very efficiently carbon-centred free radicals in aqueous
media, yielding stable aminoxyl radicals whose EPR spectra
lasted several days. However, EPR signals of their various spin
adducts were not very characteristic of the radical trapped.
From these considerations arose the idea to combine another
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Scheme 1 Spin trapping of a free radical Y* by the ketonitrones 1-3.
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analytical technique with EPR/spin trapping in order to
obtain additional information on the structure of the addend.

In a previous paper, we described the application of spin
trapping coupled with mass spectrometry for free radical
detection using a cyclic aldonitrone, diethyl(2-methyl-1-oxi-
do-3,4-dihydro-2 H-pyrrol-2-yl)phosphonate (DEPMPO).’
We thus demonstrated the feasibility of using tandem mass
spectrometry for direct identification of aminoxyl spin adducts
electrosprayed from complex mixture, without prior chroma-
tographic separation. We describe herein an extension of this
technique to the spin traps 1-3. The fragmentation pathway of
these N-arylketonitrones was first studied by tandem mass
spectrometry. These compounds were then used to trap a
series of carbon-centred free radicals. The corresponding spin
adducts were detected by EPR spectroscopy and attempts to
elucidate their structure were performed by the mean of
MS/MS analysis

Results
Fragmentation pathway of the ketonitrones 1-3

The first synthesis of 1 was described in 2003, while 2 and 3
were prepared three years later,” and none of these keto-
nitrones has ever been studied by mass spectrometry. The
analysis of the fragmentation pathway of 1-3 was thus an
essential step preceeding the MS/MS identification of their
various spin adducts.

The positive ion ES-mass spectrum of 1 shows a major peak
at m/z 238, corresponding to the protonated ketonitrone [1 +
H] ™", as well as two secondary signals at m/z 260 and 276,
assigned to the sodium, [1 + Na]*, and potassium, [1 + K],
adducts, respectively. As can be seen from Fig. 1(a), the
MS/MS spectrum of m/z 238 exhibits abundant fragment ions
at m/z 162, 118 and 77, beside a less important ion at m/z 206.
An analysis of this MS/MS spectrum led us to propose the
fragmentation pathway given in Scheme 2.

The two other N-aryl-C,C-dimethoxycarbonylnitrones stu-
died, i.e. 2 and 3, behaved exactly the same way as 1 in positive
ion electrospray mass spectrometry. Their ESI-mass spectra
exhibit a major signal attributed to the protonated keto-
nitrones ([2 + H]* at m/z 243, [3 + H]™ at m/z 296), together
with two less abundant peaks assigned in each case to sodium
adducts (2 + Na]™ at m/z 265, [3 + Na]™ at m/z 318) and
potassium adducts ([2 + K| at m/z 281, [3 + K]" at m/z
334). MS/MS spectra (Fig. 1(b) and (c)) indicate collision-
induced dissociation of protonated ketonitrones 2 and 3 also
proceeds as described for [1 + H]" in Scheme 2. A methanol
neutral loss (32 u) is followed by the elimination of a carbon
dioxide molecule (44 u). The so-formed daughter ion further
eliminates a second carbon dioxide molecule or, alternatively,
a methylcyanoformate neutral (85 u).

EPR spin trapping measurements

Though the capacity of 1-3 to act as spin trapping agents was
previously demonstrated, the hyperfine coupling constants
(hfccs) of the aminoxyl spin adducts were only determined in
water and a wider series of carbon-centred free radicals was
considered here. Throughout this text, the aminoxyl radical
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Fig. 1 ESI-MS/MS spectra of the protonated N-aryl-C,C-dimethoxy-
carbonylnitrones (a) 1, (b) 2 and (c) 3.

formed by trapping a transient free radical Y* by a nitrone n
will be denoted n-Y, with the aim of shortening the notation
(see Scheme 1). Thus, 1-CH,OH corresponds to the aminoxyl
radical obtained after trapping the hydroxymethyl radical with
the nitrone 1. Four carbon-centred free radicals, i.e. *CH,OH,
*CH(CH;3)OC,Hs, *CHj3 and *C(CHj3)3, were produced in the
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Scheme 2 Fragmentation pattern of the protonated ketonitrone 1.
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presence of one of the three ketonitrones studied. The fer-butyl
radical was generated by UV photolysis of the corresponding
iodide, while the other free radicals were produced by reaction
of *OH on a scavenger (methanol, dimethyl sulfoxide, or
diethyl ether, see Experimental section). In the case of the free
radical formed after hydrogen abstraction by *OH on diethyl
ether, the question may arise whether the radical is formed on
a primary or on a secondary carbon. To remove this ambi-
guity, an extra spin trapping experiment was performed using
the 2-methyl-2-nitrosopropane (MNP) instead of 1-3. When
the Fenton reaction was performed in the presence of diethyl
ether and MNP, a six-line EPR signal was recorded, because
of hyperfine couplings with one nitrogen and one B-hydrogen
nuclei (an = 1.54 mT, a = 0.21 mT). This signal can thus be
assigned to the nitroxide 4, since the nitroxide formed after
trapping a radical centred on a primary carbon would have
shown hyperfine coupling with two equivalent hydrogen
nuclei. Consequently, this result demonstrated that, in our
experimental conditions, the radical centred on a secondary
carbon, i.e. 1-ethoxyethyl radical, was actually formed, and
further trapped by 1-3. Note also that a previous study
performed with another nitroso compound spin trap, namely
the diethyl (I-methyl-1-nitrosoethyl)phosphonate (DEPNP),
confirmed that *OH reaction on (C,Hs),0 yielded the radical
*CH(CH;)OC,Hs."°

S

In most spin trapping experiments, an intense and very
persistent EPR signal corresponding to the nitrone/free radical
spin adduct considered was recorded. Note however that only
weak signals were obtained when 1-3 were used to trap
*CH(CH3)OC,H5 and especially *C(CHj3)s. This is likely due
to steric hindrance that hampers the reaction of free radicals
centred on a tertiary or a secondary carbon with ketonitrones.
The general shape of the EPR spectra varies with the nitrone
spin trap (see Fig. 2). Whatever the radical trapped by 1, the
EPR signal recorded consisted in three main lines, due to a
hyperfine coupling with the nitrogen nucleus (hfcc: ay), greatly
broadened or multiplied because of hyperfine couplings with

b)

¢)

Fig. 2 EPR spectra of (a) 1-CH,OH, (b) 2-CH,OH and (c)
3-CH,0H, recorded in water—methanol (4 : 1, v/v) after argon
bubbling, and their superimposed simulations (dotted lines) which
led to the parameters listed in Table 1.

aromatic hydrogen nuclei (hfce: aparom). The presence of a
substituting group in the para position in 3 allowed a narrower
spectra to be obtained by reducing the number of aromatic
hydrogen nuclei. Using the spin trap 2 instead of 1 or 3 led to
aminoxyl spin adducts showing much simpler EPR spectra,
consisting of three lines only. To illustrate this, the EPR
signals of 1-CH,OH, 2-CH,OH and 3-CH,OH have been
reproduced in Fig. 2, along with their superimposed simula-
tion. The hfccs listed in Table 1 have been evaluated for the
various spin adducts by simulating all the spectra recorded. As
noticed earlier,” an determined for each spin adduct was found
very sensitive to the solvent polarity. In the case of 1-CH,OH
for instance, ay varies from 1.20 mT in water to 1.10 mT in
CH,Cl,.” However, the hfccs listed in Table 1 are not char-
acteristic of the radical trapped. Whatever the nitrone, the
different spin adducts of carbon-centred free radicals exhibited
almost identical spectra. This underlines the limitation of the
EPR/spin trapping technique, more particularly when ketoni-
trone spin traps are employed: it does not allow unambiguous
identification of the radical initially trapped. Nevertheless, the

Table 1 EPR hyperfine coupling constants an and dgjarom, fOr various spin adducts of the N-aryl-C,C-dimethoxycarbonylnitrones 1-3

Spin adduct an/mT Aarom/mT Solvent

1-CH,OH 0.12 (2H); 0.25 (3H) Water-methanol
1-CH(CH3)OC,Hs . 0.19 (2H); 0.21 (3H) Water—benzene—Et,0”
1-CH3 1.24 0.10 (2H); 0.22 (3H) Water-DMSO*
1-C(CHs3)3 1.04 0.11 (2H); 0.23 (3H) Benzene

2-CH,OH — Water-methanol?
2-CH(CH3)OC,H5 — Water—benzene—Et,O”
2-CHj; — Water-DMSO*
2-C(CH3); — Benzene

3-CH,OH 1.10 0.09 (2H); 0.24 (2H) Water—methanol
3-CH(CH3)OC;,H5 1.04 0.09 (2H); 0.22 (2H) Water—benzene—Et,O”
3-CH; 1.13 0.09 (2H); 0.24 (2H) Water—-DMSO“
3-C(CHz3);3 0.99 0.05 (2H); 0.24 (2H) Benzene

T4y P4 L v
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crucial role of this preliminary EPR analysis was to demon-
strate the presence of paramagnetic spin adducts in the
medium before MS experiments.

ESI-MS and MS/MS analysis of the spin adducts

All the spin trapping experiments were first performed as
indicated in the Experimental section. Then, the samples were
evaporated under reduced pressure to remove the solvent,
eventually after extraction with CH,Cl, when the spin adduct
was primarily formed in aqueous media, before being dis-
solved in acidified methanol for MS analysis. Using this spin
trapping/MS approach, we never succeeded to detect the free
radical *C(CH3)s. After trapping this radical with 1-3, the spin
adducts obtained gave only weak EPR signals despite the high
sensitivity of this spectroscopy, suggesting their concentration
is below the MS detection limit. In all the other cases, the
results obtained are described hereafter.

When this technique was applied to 1-CH,OH, the positive
ion ES mass spectrum showed the presence of a peak at m/z
269, assigned to [I-CH,OH + H]* on the basis of accurate
mass measurements (C;,HsNOg ", m/z 269.0893, double
bond equivalents, DBE = 6). MS/MS data (Fig. 3(a)) were
shown to be consistent with the expected ion structures. By
far, the most abundant fragment ion was detected at m/z 162.
It arose from the loss of nitrosobenzene (C¢Hs — NO) in a very
fast reaction, which is consistent with a radical-initiated
rupture. The structure of the so-obtained fragment ion,
[*C(CH,OH)(CO,CH;), + H]", was confirmed by accurate
mass measurements (C¢H;oOs", m/z 162.0522, DBE = 2).
This stable radical cation further decomposed to yield low
intensity peaks at m/z 145 and 144, corresponding to the loss
of *OH and H,O, respectively. Beside this major fragmenta-
tion pathway, [1-CH,OH + H]"' was also found to decom-
pose according to several other minor routes. Notably, loss of
a methoxycarbonyl radical was shown to lead to m/z 210
(C1oH12NO4 ™, m/z 210.0760, DBE = 5.5) and elimination of
the hydroxymethyl radical initially trapped gave rise to m/z
238 (C;,H|,NOs ", m/z 238.0709, DBE = 6.5). When used to
detect *CH,OH, the two other ketonitrones gave similar
results, as can be seen from Fig. 3. In each case, the fastest
dissociation reaction produced the protonated radical,
[*C(CH,OH)(CO,CH;3), + H]", detected at m/z 162, after
elimination of either nitrosobenzene-ds or methyl 4-nitroso-
benzoate from [2-CH,OH + H]' and [3-CH,OH + H]",
respectively. To a lesser extent, the fragmentation of
[2-CH,OH + H]* and [3-CH,OH + H]|" also proceeded
via the release of *CH,OH (to respectively yield m/z 243 and
296) or of *C(O)OCHj; (to give rise to m/z 215 and 268,
respectively).

The spin adducts formed by trapping the free radical
derived from C,HsOC,Hs by the nitrones 1-3 were also
analysed in positive mode electrospray mass spectrometry.
As in the case of the spin adducts n-CH,OH, the three
ketonitrones behaved the same, showing that the nature of
the aryl group had no influence on the decomposition process
of the spin adducts n-CH(CH3)OC,Hs. In order to avoid
useless repetitions, only the case of 1-CH(CH3)OC,Hs will
be fully described. After the spin trapping reaction, MS
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Fig. 3 ESI-MS/MS spectra of (a) [I-CH,OH + H]*, (b) 2-CH,OH + H]*
and (¢) [3-CH,OH + H]*.

analysis revealed the presence of a peak at m/z 311 assigned
to [1-CH(CH3)OC,Hs + H] ™" on the basis of its accurate mass
measurement (C;sH, NOg "®, m/z 311.1363, DBE = 6). ESI-
MS/MS spectrum of this radical cation is described in Table 2.

The most abundant fragment ion was observed at m/z 238.
It would correspond to the loss of the radical initially trapped,
releasing the protonated ketonitrone [1 + H|" (m/z 238)
which further decomposed to yield m/z 162. Beside this major

Table 2 Peaks observed in the ESI-MS/MS spectrum of the proto-
nated spin adduct [1-CH(CH3)OC,Hs + H]" (m/z 311)

Ton m/z Relative intensity (%) Formula DBE
311.1363 35.8 CsH, NOg** 6
279.1101 42 CisH;NOs* 7
239.0788 30.8 C,1H;3NOs ™ 6
238.0709 100 C,;H,NOs* 6.5
223.0839 3.3 C; H;3sNO, ' 6
222.0760 442 C H,NO,* 6.5
221.0682 26.7 C, H,NO,** 7
162.0549 5.0 CoHgNO, ™" 6.5
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process, other pathways involving various molecular rearran-
gements, leading to the loss of methanol (—32 u), ethoxyethy-
lene (—72 u), ethyl acetate (—88 u), ethoxy(methoxy)methyl
radical (—89 u) and (methoxymethoxy)ethane (—90 u), were
also found to contribute to the fragmentation pattern of
[1-CH(CH3;)OC,Hs + H]™ (Scheme 3). It is worth mentioning
that, in contrast to the spin adducts obtained after trapping
the hydroxymethyl radical, [1-CH(CH3)OC,Hs + H]" never
decomposed via the release of the nitrosobenzene. Analogous
results were obtained with 2-CH(CH3)OC,Hs and 3-
CH(CH3)OC;,Hs, with a major fragmentation pathway corre-
sponding to the release of the radical *CH(CH;3)OC,Hs.

Mass spectrometric study of spin adducts obtained after
trapping the methyl radical by 1-3 revealed a particular
reactivity of these ketonitrones towards *CHj. In the positive
mode ESI mass spectrum of the mixture obtained after gen-
erating the methyl radical in the presence of 1, only a very
weak peak is observed for the expected [1-CH; + H| " at m/z
253 whereas an intense signal is measured at m/z 268. The
latter peak could be assigned to the protonated methoxyamine
5, potentially formed after double spin trapping of the methyl
radical by the ketonitrone 1 (see Scheme 4). In order to
confirm these assignments, both ions were submitted to
fragmentation for structural elucidation. Due to the low
abundance of the precursor ion, signals observed in the
MS/MS spectrum of m/z 253 were of weak intensity.
Nevertheless, a major fragment ion could be measured at
m/z 146 and would indicate the loss of a nitrosobenzene
molecule from the precursor ion. A less favoured process,
yielding a peak at m/z 194, would consist of the elimination of
a methoxycarbonyl radical (59 u) from [I-CH; + H]".
MS/MS data obtained from m/z 268 are described in Table 3
and would be consistent with the fragmentation pattern of
[5 + H]" as proposed in Scheme 5(a).

The same experiments were performed with the nitrone 2
and similar results were obtained. A weak signal was obtained
at m/z 258 for [2-CH; + H]" while a more intense peak,
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Scheme 3 Fragmentation pattern of the protonated spin adduct
[1-CH(CH5)OC,Hs + H]".
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Scheme 4 Formation of the methoxyamines 5-7 after double spin
trapping of the methyl radical by the ketonitrones 1-3.

observed at m/z 273, was assigned to the protonated methoxy-
amine 6. No MS/MS data could be obtained for the low
abundance [2-CH; + H]'. In contrast, collision-induced
dissociation of [6 + H]" yielded daughter ions with a 5 u
mass shift as compared to fragments arising from [5 + H] ",
indicating similar fragmentation pathways as proposed in
Scheme 5(a). However, in addition to the expected m/z 137
ion, a more intense peak was observed at m/z 136 in the
MS/MS spectrum of [6 + H]*. This indicates the mechanism
proposed for the formation of m/z 132 in Scheme 5(a) would
be a low rate reaction and that an alternative fragmentation
process, involving the elimination of a neutral containing an
aromatic proton, should be envisaged.

The mechanism proposed in Scheme 5(b) would account for
the ion filiation m/z 273 - m/z 241 — m/z 197 - m/z 136 in
the [6 + H]" MS/MS spectrum. Indeed, the deuterium atom,
initially in ortho position on the aromatic ring and then
transferred onto the nitrogen atom in m/z 197, would be
contained in the neutral, i.e., DC(O)OCH; (61 u), consecu-
tively lost to produce m/z 136.

When the methyl radical was produced in the presence of 3
as indicated in the Experimental section, the ESI-MS spectrum
of the mixture exhibited peaks at m/z 311 and 326, respectively

Table 3 Peaks observed in the ESI-MS/MS spectrum of the proto-
nated methoxyamine 5 (m/z 268)

Ton m/z Relative intensity (%) Formula DBE
268.1179 100 C3H gNOs* 5.5
237.0996 21.2 Ci2HsNOg ** 6
236.0917 50.0 C,H;,NO, 6.5
204.0655 333 C HoNO;* 7.5
192.1019 37.9 C; H|4,NO, ™" 5.5
178.0863 10.7 CoH,NO, ™ 5.5
176.0706 13.6 CioHoNO, " 6.5
132.0807 65.2 CoH (N 5.5
118.0651 10.2 CgHgN " 5.5
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Scheme 5 (a) Fragmentation pattern of the protonated methoxy-
amine 5 and (b) alternative reaction pathway to produce m/z 132 from
m/z 236.

assigned to [3-CH,OH + H]*
amine 7.

As compared to 1-CH; and 2-CHj, the signal of [3-CH,OH
+ H]* was much higher in the MS spectrum and could allow
better quality MS/MS data to be obtained. Collision-induced
dissociation of m/z 311 produced a main fragment ion at m/z
146, resulting from the loss of an arylnitroso compound, i.e.,
para-CH;0,C-C¢H,;~NO. The so-obtained radical cation
further eliminated a methanol molecule to yield m/z 114. In
a much less favoured process, the precursor ion was also
observed to fragment via the loss of a methoxycarbonyl

and the protonated methoxy-

with [1-CH3 + H]*. The main daughter ions arising from
collision-induced dissociation of m/z 326 were detected at m/z
295, 294, 262, 250, 236, 234, 190 and 176, as expected for
fragmentation of [7 + H]" according to Scheme 5.

Discussion

The various spin adducts n-Y considered in this study were
found to be very stable in solution, their EPR signal showing
no significant decrease for weeks. However, the capacity of 1-3
to act as spin trapping agents seems to be lowered by an
increase in the steric hindrance of Y. Though the kinetic
aspects of the trapping reaction using 1-3 have not been
investigated, it is worth mentioning that ketonitrones are
generally considered to scavenge free radicals more slowly
than aldonitrones.*!!

Collision induced dissociation of the various spin adducts
considered was shown to proceed via different pathways,
depending on the structure of the trapped radical. Competing
processes, which released the arylnitroso moiety, the °Y
radical initially trapped or a methoxycarbonyl radical, were
most frequently observed. Results obtained for each spin
adduct with regard to these three reactions have been sum-
marised in Table 4. The relative rate of reactions yielding
radical moieties during collision-induced dissociations of pro-
tonated n-Y (Y = CH; or CH,OH) could be related to radical
relative stabilities, as expected from radical cation fragmenta-
tion rules.'> The major loss of arylnitroso neutrals from
[»-CH3 + H]" could actually be considered as a very favored
formation of *C(CH3)(CO,CH3),, detected as a protonated
radical at m/z 162 in MS/MS. The heat of formation was
found to be much higher for this radical (—607.6 kJ mol~1)!31#
than for methoxycarbonyl radical (—169.6 kJ mol™')."* Ac-
cordingly, the absence of methyl radical loss would be con-
sistent with the low stability of this radical (AH°{(*CH3) =
+145.7 kJ mol™").!> Similarly, MS/MS results observed for
protonated spin adducts obtained after trapping *CH,OH
radical with 1-3 could also be accounted for by comparing
radicals in terms of heat of formation in the gas phase:
*CH,OH (-9 kJ mol™")'® < *C(O)OCH; (—170 kJ mol ™)
< *C(CH,OH)(CO,CH3), (—802 kJ mol™!). These results are
consistent with data obtained for carbon-centred radical spin

radical, as reported from the MS/MS experiments performed

adducts of DEPMPO.’ In contrast,

the unique MS/MS

Table4 Main competing fragmentation processes observed during the collision induced dissociation of the protonated aminoxyl spin adduct n-Y
formed after the trapping of a free radical Y* by the ketonitrones 1-3

Major  Competing fragmentation
Y* n Precursor ion loss processes (minor loss) Comments
*CH; 1 [1-CH; + H]* Ar-NO“ °*CO,CH; No loss of Y*
2 [2-CH; + H]* * *
3 [3-CH; + H]* Ar-NO“ *CO,CH; No loss of Y*
*CH,OH 1 [1-CH,OH + H|" Ar-NO“ Y* and *CO,CHj;
2 [2-CH,OH + H]* Ar-NO® Y* and *CO,CH;
3 [3-CH,OH + H|* Ar-NO¢  Y* and *CO,CHj;
*CH(CH;)OC,Hs 1 [1-CH(CH3)OC,Hs + H]* Y* Various neutral losses after molecule rearrangement  No loss of Ar-NO® or *CO,CH3
2 [2-CH(CH3)OC,Hs + H|" Y* Various neutral losses after molecule rearrangement ~ No loss of Ar-NO“ or *CO,CHj;
3 [3-CH(CH;)OC,Hs + H|T Y* Various neutral losses after molecule rearrangement  No loss of Ar-NO® or *CO,CH3;
@ Ar- = CgHs. ® Ar- = CgDs. ¢ Ar- = para-CH;0,CC¢Hy—; * no MS/MS data available due to precursor ion very low abundance.
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Scheme 6 Examples of stable aminoxyl radicals used as spin traps.

reaction producing a radical moiety from [s-CH(CH3)OC,Hs
+ H]™" consists of the loss of the radical initially trapped, i.e.,
*CH(CH3)OC,Hs, which heat of formation was found to be
—81.2 kJ mol~!."* This result is unexpected in terms of relative
radical stability: elimination of a methoxycarbonyl radical
(=170 kJ mol~") or formation of the radical (—820 kJ mol~")
associated to the elimination of arylnitroso neutral would have
been more favoured but were not observed. Alternatively, the
particular MS/MS behaviour of [n-CH(CH5)OC,Hs + H|™*
might be accounted for by considering the higher steric
hindrance of ~-CH(CH3)OC,Hs as compared to a methyl or
a hydroxymethyl group.

When the methyl radical was produced in the presence of
one of the ketonitrones studied, protonated spin adduct n-CHj;
were hardly observed in positive mode ESI-MS, whereas all
the three aminoxyl spin adducts 1-CH3, 2-CH5; and 3-CHj3
were detected by EPR spectroscopy. However, in each case,
MS analysis showed the presence of an EPR-silent methoxy-
amine, likely formed after double spin trapping of the methyl
radical (see Scheme 4). Some stable aminoxyl radicals can be
used as spin trapping agents to remove free radicals. In this
method, known as the ‘“aminoxyl (or nitroxide) trapping
technique”, a coupling reaction occurs between the aminoxyl
and the alkyl free radical, thereby yielding an alkoxyamine."”
Examples of stable aminoxyl traps used in this method are
shown in Scheme 6. In general, they possess quaternary
carbons in the two a-position towards the aminoxyl nitrogen
(e.g. 8-10). To our knowledge, no N-aryl aminoxyl have ever
been used to scavenge free radicals. The spin density on the
aminoxyl oxygen is lowered by conjugation with the aryl
moiety, thereby rendering these molecules less prone to radical
coupling. MS analysis has demonstrated the capacity of the
stable aminoxyls 1-CHj, 2-CHj3 and 3-CHj to trap the methyl
radical leading to the corresponding methoxyamines 5-7. Note
however that no other alkoxyamine has ever been detected by
mass spectrometry in our experiments, showing that the ami-
noxyl spin adducts #-Y were unable to scavenge the other free
radicals Y* considered in this study. This could be related to
the free radical relative stabilities, the methyl radical being the
most reactive in the series studied. Note also that the presence
of the para-methoxycarbonyl group in the ketonitrone 3
diminishes the reactivity of 3-CHj3 towards *CHj3, which would
explain the higher abundance of protonated aminoxyl 3-CHj,
as compared to 1-CH; and 2-CHj3, in mass spectrometry.

Experimental
Materials

The nitrones 1-3 were synthesised, purified and identified in
our laboratory after procedures extensively described pre-

viously.” All chemicals, including the 2-methyl-2-nitrosopro-
pane (MNP), were purchased from Sigma-Aldrich (St. Louis,
MO) and used without further purification. The solvents were
of the highest purity commercially available and used as
received. Aqueous media were prepared from tridistilled
warter.

Spin trapping experiments

Spin trapping experiments were performed in water or ben-
zene, by using two different procedures to generate the various
carbon-centred free radicals in the presence of each of
the ketonitrones. The radicals °*CH;, °*CH,OH and
*CH(CH;3)OC,H;s were produced in water in the presence of
1, 2 or 3 (20 mmol dm ) by performing a standard Fenton
reaction (0.4% H,0,, 10 mmol dm™3 FeSO,) in the presence
dimethyl sulfoxide (DMSO, 20%), methanol (20%), or diethyl
ether (20%), respectively. The systems were allowed to react
for 1-2 min, and the medium was briefly extracted with
dichloromethane. The radical *C(CHs); was generated by
UV-photolysis of a benzene solution of fer-butyl iodide
(1.5 mol dm™?). Whatever the generating system, an aliquot
(ca. 50 mm?®) of the organic phase was analysed by EPR
spectroscopy after argon bubbling, while the remaining sample
was evaporated under reduced pressure to remove the solvent
before being dissolved in acidified methanol for MS analysis.

In the case of the radical derived from diethyl ether, a spin
trapping reaction followed by EPR detection was also per-
formed using the nitroso spin trap MNP. The carbon-centred
free radical was produced in the presence of MNP (30 mmol
dm™%) by conducting a Fenton reaction in water—benzene—
diethyl ether (4 : 1 : 1, v/v/v).

CW-EPR detection

EPR assays were performed at room temperature in capillary
tubes. EPR spectra were recorded on a continuous-wave (CW)
spectrometer Bruker EMX operating at X-band. The follow-
ing conditions were used: modulation frequency, 100 kHz;
non-saturating microwave power, 20 mW; modulation ampli-
tude, from 0.05 to 0.1 mT; receiver gain, from 5 X 10° to 10;
time constant, 82 to 164 ms; scan time, from 42 to 84 s; scan
width, from 4 to 6 mT; 1 scan. All the EPR spectra recorded
were analysed by simulation using the software elaborating by
Duling, which permits to fit a calculated spectrum to an
experimental one.'®

Mass spectrometry

All experiments were performed with a QStar Elite mass
spectrometer (Applied Biosystems SCIEX, Concord, ON,
Canada) equipped with an electrospray ionization source
operated in the positive ion mode. The capillary voltage was
set at 5500 V and the cone voltage at 60 V. In this hybrid
instrument, ions were measured using an orthogonal accelera-
tion time-of-flight (0oa-TOF) mass analyzer. A quadrupole was
used for selection of precursor ions to be further submitted to
collision-induced dissociation (CID) in MS/MS experiments.
Nitrogen was used as the nebulizing gas (20 psi), the curtain
gas (20 psi) as well as the collision gas. Collision energies were
in the range 10-15 eV (laboratory frame). Accurate mass
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measurements, performed using internal calibration, allowed
elemental composition and the number of double bond
equivalents (DBEs) to be reached for each targeted ion.
DBE corresponds to the number of double bonds and rings.
In case of an even-electron state ion, add 0.5 to convert the
reported DBE value to the actual number of double bonds.'?
Analyst software version 2.1 was used for instrument control,
data acquisition and data processing. Direct sample introduc-
tion was performed at a 5 pL min~' flow rate using a syringe
pump.

Heats of formation

Heats of formation in the gas phase of some radicals could not
be found in the literature. A low performance calculation
(CS MOPAC, AM1) was thus performed. The following
values were obtained: AH°{(*CH;) = +130.6 kJ mol™!,
AH°(*CH,OH) = —111.0 kJ mol™!, AH°{* CH(CH;)OC,H;] =

—158.8 kJ mol™!, AH’{*C(O)OCH;] = —210.0 kJ mol™ !,
AH°{*C(CH;)(CO,CHs),] = —6160 kI mol!,
AH°[*C(CH,OH)(CO,CH3),] = —801.7 kJ mol™!, and

AH°{*C[CH(CH;)OC,H;s](CO,CH3),} = —820.0 kJ mol~"'.
Comparison with referenced data indicates the absolute calcu-
lated values are very approximate (AH°{(*CH3) = +145.7 kJ
mol~','> AH°(*CH,OH) = —9.0 kJ mol~','® AH°{*CH(CHS)-
OC,Hs] = —81.2kJ mol~!,"* AH°{*C(O)OCH;] = —169.6 kJ
mol~','> AH°{*C(CH;)(CO,CHj3),] = —607.6 kJ mol~!,!>1%)
but could be used to validate the relative stability scale.

Conclusions

This study clearly confirm the relevance of tandem mass
spectrometry for direct identification of free radical spin
adducts from complex mixture, without preliminary chroma-
tographic separation. In this field, N-aryl-C,C-dialkoxycarbo-
nylnitrones such as 1-3 could find interesting applications in
both radical chemistry and biochemistry.

First, the versatility of their synthesis pathway would permit
to prepare a much wider range of nitrones in this series,
bearing different functional groups and showing various pro-
perties.” For example, it could be possible to prepare
N-arylketonitrones that could be covalently linked to natural
or synthetic macromolecules, or able to cross biological mem-
branes and enter the cells. In addition, the spin adducts
obtained after trapping free radicals by ketonitrones do not
disproportionate, which enhances their lifetime. Thus, the
various carbon-centred radical spin adducts n-Y considered
in this study were found to be stable for weeks in organic
media. Note however that, generally speaking, the efficiency of
spin trapping reactions is altered by the presence of bulky
groups born on either the nitronyl-carbon or the free radical
centre. These considerations let us think that N-arylketoni-
trones could be very efficient tools for qualitative studies, but
their use for free radical quantification should be avoided.

Though EPR signals of 1-3 various spin adducts were not
characteristic of the radical trapped, EPR analysis permitted
to prove the presence of paramagnetic species in the medium.
Collision-induced dissociation of the various spin adducts
mainly proceeds via three pathways, consisting of the elimina-
tion of the arylnitroso fragment, the radical initially trapped,

or the methoxycarbonyl radical. The relative rate of these
dissociations was observed to highly depend on the nature of
the radical trapped. MS/MS analysis of the spin adduct allows
unambiguous identification of the addend. This study also
showed an unexpected reactivity of these ketonitrones towards
*CHj;, resulting in the formation of EPR-silent methoxy-
amines. The feasibility of this approach should generate
a renewal of interest for ketonitrone spin traps, since
the results presented herein demonstrate the potential of
N-arylketonitrones in the identification of short-lived free
radicals.
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