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The spin trapping behavior of four novel carbamoyl-substituted EMPO derivatives, namely 5-carbamoyl-
3,5-dimethyl-pyrroline N-oxide (CADMPO), 3,5-dimethyl-5-methylcarbamoyl-pyrroline N-oxide (DMM-
CAPO), 5-carbamoyl-3-ethyl-5-methyl-pyrroline N-oxide (CAEMPO), and 3-ethyl-5-methyl-5-methylcar-
bamoyl-pyrroline N-oxide (EMMCAPO), towards different oxygen- and carbon-centered radicals is
described, the half lives of the respective superoxide adducts ranging from about 10 to 20 min. The most
characteristic adducts were, however, formed from methyl, hydroxymethyl, hydroxyethyl, and carbon

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Our previous studies have shown that the half lives of superox-
ide adducts of EMPO derivatives can be significantly increased if an
ethyl or methyl substituent is present in position 3 or 4 of the pyr-
roline ring,' > whereas the presence of a carbamoyl group in posi-
tion 5 gives rise to secondary reactions of the spin trap, leading to
the formation of 5-aminopyrroline derivatives in a Hofmann rear-
rangement reaction.* Additional complications arise due to the fact
that different stereoisomers are formed due to the presence of two
or more asymmetric carbon centers, exhibiting significantly differ-
ent spin trapping properties and spin adduct stabilities (e.g., cis-
and trans-3,5-EDPO/‘OOH: t;, =11 and 45 min, respectively). On
the other hand, investigations by other groups have recently
shown that these differences might be an advantage when differ-
ent pathways of spin adduct formation are studied, for example,
trapping of genuine hydroxyl radicals versus rearrangement of ini-
tially formed superoxide adducts.’

Furthermore, differentiation of carbon-centered radicals should
also be possible. In view of the fact that the combined effects of the
carbamoyl group®” and the additional alkyl group'~> cannot unam-
biguously be predicted, we investigated a series of (methyl-) car-
bamoyl and alkyl substituted EMPO derivatives.

* Corresponding author. Tel.: +43 1 25077 4406; fax: +43 1 25077 4490.
E-mail address: Klaus.Stolze@vu-wien.ac.at (K. Stolze).
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2. Results
2.1. Structure of the spin traps

All spin traps synthesized and investigated within this study can
be considered as derivatives of 5-ethoxycarbonyl-5-methyl-1-pyr-
roline N-oxide (EMPO) in which the ethoxycarbonyl substituent
has been replaced by either a CONH; or a CONH(CH3) group, and
an additional methyl or ethyl group has been introduced in position
3 of the pyrroline ring. In analogy to the previously investigated
compound 5-carbamoyl-5-methyl-1-pyrroline N-oxide (CAMPO?,
AMPO®), we suggest the following acronyms: 5-carbamoyl-3,5
-dimethyl-pyrroline N-oxide (CADMPO), 3,5-dimethyl-5-methylc-
arbamoyl-pyrroline N-oxide (DMMCAPO), 5-carbamoyl-3-ethyl
-5-methyl-pyrroline N-oxide (CAEMPO), and 3-ethyl-5-methyl-5-
methylcarbamoyl-pyrroline N-oxide (EMMCAPO) (for structures,
see Fig. 1a). A general synthetic scheme is given in Figure 1b.

Structural identity of the novel spin traps was confirmed by '3C
NMR (Table 1), 'TH NMR (Table 2), (HRMS analysis (Table 3), FTIR
spectroscopy (Table 4) and UV-vis spectroscopy (Table 5).

A complete set of 'H, H-H correlated, '*C, HMQC and HMBC
spectra was recorded for each compound, which allowed for a
complete signal assignment in both the 'H and '3C domain.

Carbon NMR confirmed the presence of a heterocyclic pyrroline
ring. The resonances for C-2 were found around 141-142 ppm,
showing a down-field shift by about 5 ppm relative to the respec-
tive esters (approx. 136.3 ppm). Substitution caused a considerable
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Figure 1. (a) General structure of the spin traps and (b) general synthetic scheme.

down-field shift of the C-3, resonating at 31 ppm for methyl and at
38 ppm for ethyl substituents. In non-substituted derivatives, for
example, EMPO or CAMPO, the signal is found at about 25 ppm.
A similar shift effect was seen for the neighboring C-4 (approx.
36-40 ppm, vs 30.6 ppm for CAMPO), and also for C-2 (141 ppm,
vs approx. 135 ppm for EMPO/CAMPO).The C-5 shifts remained lar-
gely unchanged by substitution at C-3 and introduction of an
amine function, being found at 78 ppm. The 5a-substituent, reso-
nating at 20.3 ppm in EMPO, was shifted down-field by about
4 ppm, being found around 24 ppm for the derivatives described
herein. The carboxylic carbon experienced a down-field shift of
about 1-3 ppm (170.7-173.6 ppm) compared to the ethoxycar-
bonyl group of the ester counterparts (169.3-170.3 ppm). The
non-substituted amides resonated at approx. 173 ppm, the N-
methyl amides 2 ppm high-field to about 171 ppm. Due to the par-
tial double-bond nature of the C-N bond in the amide, two atrop-
isomers exist for the N-methyl derivatives, the resonances being
found at 34.8/40.6 ppm in DMMCAPO and at 34.8/40.1 ppm for
EMMCAPO.
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The proton spectra also showed typical resonance patterns. H-2
exhibited coupling constants of around 2.8 Hz for the non-substi-
tuted amides and 2.0-2.4 Hz for the N-methyl amides, and ap-
peared as a doublet. There were no shift differences between the
carbamoyl derivatives (6.92-7.00 ppm) and the respective esters
(about 6.97 ppm). The two amide protons were found at 5.8-
6.2 ppm and at about 8.4 ppm. The significant shift difference is
due to hydrogen bond formation of one amide proton to the nit-
rone oxygen, which is reflected in the considerable down-field
shift. For the N-methyl amides, the above-mentioned atropisomer-
ism is seen in the simultaneous occurrence of two resonances for
the N-methyl group, which was found at 2.79/2.81 ppm (DMMCA-
PO) and 2.81/2.82 ppm (EMMCAPO), respectively. It should be
noted that such comparisons are only possible if the spectra were
recorded under strictly similar conditions with regard to concen-
tration, temperature and solvent. The resonance of the 5-alkyl sub-
stituent was largely uninfluenced by the structure of the respective
derivative, resonating at about 1.70 ppm. The protons at C-3a and
C-4 show a strong diastereotopic splitting, which has already been
noticed and discussed for the ester derivatives. The most drastic
effect was seen for the C-4 methylene, where the two protons
appeared as doublet of doublets at about 2.40/2.50 ppm for the
cis-derivatives, whereas the splitting was much larger for the
respective trans-derivatives (1.60/3.20 ppm, same splitting
pattern).

The major absorption peaks in the respective FTIR spectra
were seen around 1680cm~! (C=0), 1580cm~! (C=N) and
1205 cm™! (N-0). The bands around 3150 cm~! and 3350 cm™!
(N-H valence) are not always well resolved and, in addition, very
sensitive to traces of humidity. They are, therefore, not listed in
Table 4.

2.2. Superoxide radical adducts

Two different methods were applied in order to generate
superoxide adducts: The first choice was a xanthine oxidase sys-
tem which has previously been reported to be the best system
for investigation of superoxide spin trapping experiments.®®
The results can be seen in Figure 2, where the spin traps
(20 mM) were incubated in the presence of 0.2 mM hypoxanthine
and 50 mU/ml xanthine oxidase (XOD) in 10 mM oxygenated
phosphate buffer (pH 7.4, 1 mM DTPA). Mixtures of different spin
adducts were found with CADMPO (Fig. 2a), DMMCAPO (Fig. 2b),

Table 1
13C NMR data (ppm) of the spin traps
3a 3b
O 4
3
R X 122
~5
5a
2 R 3ac 3bc 4C 5C EET co R = NHCH3;
EMPO'® 134.9 25.4 - - 319 78.5 20.3 169.3 -
CAMPO* 135.6 25.3 - - 30.6 79.2 225 174.7 -
(Lit.)® 1374 25.0 - — 30.5 79.1 24.2 1729 —
48% cis-CADMPO 141.9 31.9 18.2 — 395 79.7 24.5 172.6 —
52% trans-CADMPO 141.8 324 18.7 - 40.9 78.6 23.9 173.6 -
47% cis-DMMCAPO 141.7 319 18.3 — 38.8 78.6 249 171.7 34.8/40.6
53% trans-DMMCAPO 141.6 324 18.8 - 39.7 79.6 24.1 170.7 34.8/40.6
48% cis-CAEMPO 140.9 38.8 26.2 11.5 36.3 78.5 24.2 173.5 -
52% trans-CAEMPO 140.9 39.2 26.7 11.5 372 79.4 24.6 1725 -
33% cis-EEMCAPO 141.0 38.8 26.3 11.5 36.2 78.5 244 171.7 34.8/40.1
67% trans-EEMCAPO 141.0 39.3 26.7 11.5 374 79.4 249 170.8 34.8/40.1
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Table 2
TH NMR data (ppm) of the spin traps
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2CH 3CHx 3aCH, 3bCH5 4CH, 5ICH; NHy R = NHCH; R=0C,Hs
EMPO'® 6.97t 2.75m — — 2.16 m 1.72s - — 4.26m*
2.60 m 1.31t°
CAMPO* 6.97t 2.46-2.53 m — — 1.96-2.03 m 1.73s 7.16s — —
2.58-2.62 m — 7.38s
(Lit.)® 7.19t 2.79m — — 2.27-2.34m 1.90s 5.85b — —
3.14-3.20m — 8.46b
48% cis-CADMPO 6.96d 2.94-3.03 m 1.21d — 2.39dd 1.71s 6.26s — —
2.50dd 7.96s
52% trans-CADMPO 6.98d 2.94-3.03 m 1.18d — 1.63dd 1.73s 6.26s — —
3.26dd 8.42s
47% cis-DMMCAPO 6.87d 2.94-3.03 m 1.20d — 2.38dd 1.68s 8.56s 2.79s —
2.52dd 2.82s
53% trans-DMMCAPO 6.92d 2.92-3.01 m 1.16d — 1.63dd 1.71s 8.07s 2.78s —
3.26dd 2.81s
48% cis-CAEMPO 6.99d 2.76-2.87 m 1.43-1.66 m 0.98q 2.33dd 1.72s 5.92s — —
2.57dd 8.01s
52% trans-CAEMPO 7.00d 2.76-2.87m 1.43-1.66 m 0.98q 1.43-1.66 m 1.73s 5.92s — —
3.26dd 8.49s
33% cis-EMMCAPO 6.98d 2.74-2.88 m 1.42-1.68 m 0.98q 2.33dd 1.69s 8.58s 2.81s —
2.57dd 2.82s
67% trans-EMMCAPO 6.96d 2.74-2.88 m 1.42-1.68 m 0.98q 1.42-1.68 m 1.71s 8.01s 2.80s —
3.28dd 2.81s
Abbreviations: s = singlet, b = broad singlet, dd = doublet of doublets, t = triplet, m = multiplet, *from ethoxy group "CH, and % CH3, respectively.
Table 3
HRMS analysis of the spin traps
Acquired (MH)" Caled (MH)* Error (ppm) mDa Acquired (MNa)" Calcd (MNa)* Error (ppm) mbDa
CAMPO 143.08543 143.0820 23.97 343 165.0693 165.0640 32.35 5.34
CADMPO 157.10263 157.0977 31.38 493 179.0870 179.0796 41.32 7.40
DMMCAPO 171.11701 171.1133 21.68 3.71 193.0103 193.0088 7.77 1.50
CAEMPO 171.11399 171.1133 4.03 0.69 207.1088 193.0952 70.43 13.6
EMMCAPO 185.15032 185.1452 27.65 5.12 207.1192 207.1108 40.55 8.40

CAEMPO (Fig. 2c), and EMMCAPO (Fig. 2d). In the case of CAD-
MPO and CAEMPO none of the species could be attributed to a
superoxide adduct. Even when XOD activity was increased to
500 mU/ml (Fig. 3a), no additional species was formed. In order
to identify the individual contributions, we subtracted the spec-
trum recorded after 30 min (Fig. 3b) from the initial spectrum
and obtained two virtually ‘pure’ EPR spectra. Figure 3c (corre-
sponding to: 3c = 3a-1.85x3b) shows a species with an additional
nitrogen splitting of ay=3.35G and Figure 3d (corresponding to
3d =3b-0.27x3a) an additional nitrogen splitting of ay=1.50G.
Simulation and superposition is shown in Figure 3e (correspond-
ing to 23% of the species shown in Fig. 3c and 77% of the species
shown in Fig. 3d). Comparison with data from the literature!®!!
and from previous studies with CAMPO* leads to the conclusion
that the spin trap underwent oxidative degradation (Hofmann
rearrangement) forming an adduct with the amino group directly
attached to the pyrroline ring. As has already been mentioned in
a previous paper? for CAMPO and its derivatives, formation of the
secondary amino adduct was superoxide-dependent (no adduct
formed when SOD was added prior to xanthine oxidase). Further-
more, an identical secondary species was also detected in a
series of oxidizing model systems, such as hydrogen peroxide
and HRP.

The suggested structure as being a 5-amino-pyrrolidine deriva-
tive is in agreement with previous studies where the DMPO amino
adduct has been described by Chignell et al.'® (ay=159G,
ay=193G, ay=1.6G) and by Kirino et al!' (ay=15.86G,
ay=19.04 G, ay=1.72 G. All data are summarized in Table 6.

While CAEMPO reacted similarly (Fig. 2c, data shown in Table
6), the respective N-methylamide spin traps DMMCAPO (Fig. 2b)
and EMMCAPO (Fig. 2d) formed a mixture of 4 compounds, two
of which were identical to the respective hydroxyl radical adduct,
as can be seen in Figure 4 for the DMMCAPO/HX/XOD system, re-
corded both immediately after mixing (Fig. 4a) and after 30 min
(Fig. 4b). Spectral subtraction shown in Figure 4c (corresponding
to 4c = 4a-0.39x4b) lead to one isomer of the superoxide adducts
(an=13.34G, ay=14.55G). The second difference spectrum
shown in Figure 4d (corresponding to 4d = 4b-1.20x4a) still con-
sisted of several species. However, subsequent subtraction of ade-
quate contributions of the hydroxyl radical adduct (see below,
Fig. 6b) led to the practically pure spectrum shown in Figure 4e,
the second isomer of superoxide adducts (ay=13.20G,
ay = 6.20 G). The same procedure was done with the spectrum of
EMMCAPO (Fig. 2d, data listed in Table 6). Formation of Hofmann
rearrangement products was not observed (no second nitrogen
splittings visible).



Table 4

IR data (cm ') of the spin traps
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2874
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2940
2939
2913

2985
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2970

EMPO'®
CAMPO

611

656

700
720

998
966
965

1097

1630
1628

634
634
635

1214

1221

CADMPO

1298
1365
1292

1411

2876
2876
2876

2935
2934

2927

2965
2964

2963

DMMCAPO
CAEMPO

1572

1552

1021

1189
1143

1218

1222

1645

1693

594

669

883

1021

1411

1458

EMMCAPO

Intensities: strong (1741), medium (1464), weak (950).
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Table 5
Half-life of the superoxide adducts, n-octanol/buffer partition coefficients, and UV-vis
spectroscopic data of the spin traps

Compound Apparent ty); Partition UV data Anax and
(min) coefficient molar absorptivity €

n-octanol/ (Imol~'cm™)

phosphate

buffer

(100 mM,

pH 7.0)
EMPO'*'> 8.6 0.15 231 nm, 7417
CAMPO*®  8.58 0.016 232 nm, 7652
CADMPO — (14.5) 0.049 232 nm, 8732
DMMCAPO 11.2 (10.1‘) 0.068 232 nm, 8858
CAEMPO = (1747 0.143 232 nm, 8026
EMMCAPO 36.6° (19.87) 0.216 232 nm, 8522

KO, system, ~Sum of *OOH and "OH signals.

We also tested a second superoxide-generating system, con-
sisting of an aqueous solution of CADMPO (40 mM), to which a
small amount of solid KO, (approx. 0.5 mg) was added. Immedi-
ately thereafter the solution was neutralized by 1:1 dilution with
300 mM phosphate buffer pH 7.0, containing 20 mM DTPA, SOD
(250 U/ml) and catalase (250 U/ml), giving a final pH of about
7.4. After that, the ESR spectrum was recorded (Fig. 5 a), showing
broadened lines due to the participation of several diastereomeric
forms. Computer simulation gave a best fit assuming three dis-
tinct isomeric forms (ay = 13.03 G, ay =8.35 G, 39%; ay=13.18 G,
ay=4.72 G,31% an = 13.16 G, ay = 6.24 G, 30%), one of them being
very similar to the second isomer found in the XOD system
(Fig. 5e). However, unequivocal identification does not seem to be
possible due to the high line width. Similar spectra were obtained
from DMMCAPO (Fig. 5b), CAEMPO (Fig. 5c), and EMMCAPO
(Fig. 5c¢), their HFS parameters being listed in Table 6.

Decay kinetics of the superoxide adducts were calculated as
follows: A series of repetitive scans was recorded for each incuba-
tion (every 90 s for 30 min) using a first-order exponential decay
approximation (Table 5, Pearson correlation coefficient R? >0.96).
As shown in Figures 4 and 5, the presence of different isomers and
secondary products strongly interfered. Therefore, kinetic calcula-
tions of the half lives of the respective superoxide adducts can
only be regarded as approximations.

2.3. Hydroxyl radical adducts

When the spin traps (40 mM) were incubated for 10 s in the
presence of a previously described aqueous Fenton system,*!?
consisting of hydrogen peroxide (0.2%), EDTA (2 mM), and iron-
(I1) sulfate (1 mM) and the reaction was stopped upon 1:1 dilution
with phosphate buffer (300 mM, pH 7.4) containing DTPA
(20 mM), the respective hydroxyl radical adducts were obtained
(Fig. 6). Computer simulations of the obtained spectra are only
approximations, the distorted line form suggests participation of
unresolved stereoisomers due to three asymmetric carbon atoms
in the spin adducts. In principle, two different isomers were found
for CADMPO/OH (ratio 62/38; Fig. 6a, variable contribution of
Hofmann degradation products is also observed) DMMCAPO/-OH
(ratio 53/47; Fig. 6b) and EMMCAPO/-OH (ratio 77/23; Fig. 6d),
and three for CAEMPO/OH (ratio 53/30/17; Fig. 6¢).

2.4. Strong dependence of EPR spectra on the spin trap as well
as the size of trapped carbon-centered radicals

We first tested the influence of the different spin traps while
using a methyl radical generating Fenton system,*!2 consisting
of the respective spin trap (40 mM), hydrogen peroxide (0.2%),
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EDTA (2 mM), and iron-(II) sulfate (1 mM) in a mixture of DMSO
with water (20/80, v/v). After 10 s, the reaction was stopped upon
1:1 dilution with phosphate buffer (300 mM, pH 7.4) containing
DTPA (20 mM). The results can be seen in Figure 7. While two dia-
stereomeric forms were detected from the amides CADMPO/-CH3
(Fig. 7a; an=15.38G, ay=15.38G, 55%; and ay=15.31G,
ay=22.20G, 45%), and CAEMPO/CHs3 (Fig. 7c; an=15.10G,
ay=14.94G, 53%; and ay=15.41G, ay=25.50G, 47%), only one
isomer was formed from the methylamides, DMMCAPO/CH;
(Fig. 7b, ay =15.04 G, ay = 15.36 G), and EMMCAPO/-CH3; (Fig. 7d,
ay = 15.06 G, ay = 14.39 G). The latter two compounds are there-
fore better suited for methyl radical trapping due to the character-
istic feature of the obtained ESR spectra.

In a second step the spin trap DMMCAPO was used throughout
all experiments while the compound added for generating the car-
bon-centered radical was varied: DMSO (20%), methanol (20%),
ethanol (20%) or sodium formate (200 mM) were added to the Fen-
ton-type incubation system*'? mentioned above in Figure 7, incu-

20G

bated for 10 sec and 1:1 diluted with phosphate buffer (300 mM,
pH 7.4) containing DTPA (20 mM). The results can be seen in Fig-
ure 7a to d (for the methyl, hydroxymethyl, hydroxyethyl and car-
bon dioxide anion radical, respectively). The ratio of the two
predominant diastereomeric forms varied considerably, the methyl
radical adduct being predominantly the isomer with low hydrogen
HFS (Fig. 7a) whereas the larger hydroxyethyl radical preferably
formed the isomer having a larger hydrogen HFS (Fig. 7c). We also
performed spin trapping experiments using '>C labeled methanol
(spectrum not shown, data listed in Table 6). A larger hydrogen
HFS always corresponded to a lower carbon HFS, indicating a more
equatorial arrangement of the residue, and vice versa, correspond-
ing to a more axial structure. In addition, impurities stemming
from “OH adducts’ showed less interference due to the absent ex-
tra splitting. In these cases estimation of the relative stabilities of
the two isomeric forms was possible. The more equatorial form
was considerably less stable (strong deviation from first-order,
but ‘half-life’ around 5-8 min), whereas the more axial form was

Figure 2. Mixture of radicals formed from the spin traps CADMPO, DMMCAPO, CAEMPO, and EMMCAPO incubated with hypoxanthine/xanthine oxidase. (a) CADMPO
(20 mM), hypoxanthine (0.2 mM) and xanthine oxidase (50 mU/ml) in oxygenated phosphate buffer (10 mM, pH 7.4, containing 1 mM DTPA) were measured immediately
after mixing using the following EPR parameters: sweep width, 80 G; modulation amplitude, 0.52 G; microwave power, 20 mW; time constant, 0.08 s; receiver gain, 5 x 10%
scan rate, 57 G/min. (b) same as in (a), except that DMMCAPO was used. (c) Same as in (a), except that CAEMPO was used. (d) Same as in (a), except that EMMCAPO was used.
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quite stable (‘half-life’ >40 min). The large differences in both, HFS
parameters and stabilities might therefore be useful for unequivo-
cal identification of the specific carbon-centered radical trapped.
The respective HFS data are listed in Table 6.

2.5. Additional radical adducts formed

In addition to the superoxide, hydroxyl, methyl, hydromethyl,
hydroxyethyl and carbon dioxide anion radical adducts shown in

a
b
ay=3.35G
—r
C
d
e

20G

Figs. 2-8 we also tried to detect the respective methoxyl radical
adducts using the method previously described by Dikalov
et al."*which had been successfully applied in our previous stud-
ies.”"* Unfortunately we were only able to detect the respective
‘OCH3 adducts with DMMCAPO and EMMCAPO (see Table 6). With
CADMPO and CAEMPO only hydroxymethyl adducts and Hofmann
rearrangement products were detected (not shown).

We also investigated the formation of reduction products of the
spin traps (H' adducts). For this purpose, a small amount of KBH,4

Figure 3. Mixture of radicals formed from the spin trap CADMPO incubated with hypoxanthine/xanthine oxidase. (a) CADMPO (20 mM), catalase (250 U/ml), hypoxanthine
(0.2 mM) and xanthine oxidase (500 mU/ml) in oxygenated phosphate buffer (20 mM, pH 7.4, containing 0.4 mM DTPA) were measured immediately after mixing using the
following EPR parameters: sweep width, 80 G; modulation amplitude, 0.52 G; microwave power, 20 mW; time constant, 0.08 s; receiver gain, 5 x 10%; scan rate, 57 G/min. (b)
spectrum recorded after 30 min. (c) difference (3a-1.85x3b), showing one of the isomers of Hofmann rearrangement. (d) Difference (3b-0.27 x3a), showing the second isomer
of Hofmann degradation. (e), computer simulation of the spectrum shown in Figure 4a, assuming the contribution of 23% of isomer 1 and 77% of isomer 2 of the Hofmann

degradation products (see Table 6 for details).



Table 6
Comparison of the EPR parameters of different radical adducts of various EMPO amino derivatives
Radical HFS (G) EMPO* 14 CAMPO CADMPO DMMCAPO CAEMPO EMMCAPO
XOD system Trans* Cis*
(‘O0H) (94%)* (6%) (80%)° (20%° — = (64%) (36%) = = (80%)  (20%)
an 13.27 1325 13.25 13.0 13.1 = = 13.20 13.34 = = 12.90 1345
ay 12.37 9.30 10.15 10.8 12.5 = = 6.20 14.55 = = 7.25 14.55
ay (55.5%[44.5% of trans®) 1.50 = 1.75 = = = = 1.20 =
(‘Hofmann’) = (100%) (77%) (23%) — = = (53%) 47%)  — = =
an = 14.43 14.51 14.38 = = = 14.08 14.55 = = =
ay = 19.34 22.24 14.38 = = = 12.40 21.94 = = =
ay = 2.17 1.50 3.35 = = = 3.75 1.70 = = =
ay = = = = = = = 0.70 = = = =
KO, system: = = (50%) (50%) (39%) (31%)  (30%) (63%) (19%) (18%) (68%) (21%) (11%) (52%)  (24%)  (24%)
an = = 13.19 13.19 13.03 1318 13.16 1323 1312 13.07 13.16 1314 13.13 1331  13.07 13.07
ay = = 9.89 12.09 8.35 4.72 6.24 5.65 6.08 8.60 5.11 5.50 8.75 5.00 8.60 6.18
Trans* Cis*
‘OH (76%) (24%) (81%) (19%) (62%) (38%)* (53%) (47%) (53%) (30%) (17%)*  (77%)  (23%)
ay 14.11 14.18 13.97 13.95 13.72 14.51 13.78 14.28 13.78 1434 1448 1373  14.38
ay 12.80 15.27 13.64 12.45 9.00 18.84 9.05 18.70 8.45 18.07 18.90 7.95 18.24
ay 0.63 0.62 = = = = = = 0.90
ay 0.43 0.50 (69%)° (31%)° — = = = 0.75
ay 0.21® 029%  ay 140 14.0
ay 0.13® 0.07? ay 135 12.5
Radical HFS (G) EMPO'4 CAMPO CADMPO DMMCAPO CAEMPO EMMCAPO
H (100%) (100%) (51%) (49%) (55%) (45%) (66%) (34%) (59%) (41%)
ay 15.52 15.30 15.35 15.14 15.35 15.18 15.38 14.99 15.35 15.18
ay 22.21 2223 24.67 26.00 2435 25.89 24.97 26.20 24.99 26.09
ay 20.82 20.00 17.28 16.10 17.28 16.14 17.05 16.40 17.08 16.32
‘CH; (100%) (100%) (55%) (45%) (100%) (53%) (47%) (100%)
ay 15.42 15.15 15.38 15.31 15.04 15.10 15.41 15.06
ay 22.30 21.43 15.38 2220 15.36 14.94 25.50 14.39
ay - - - - - - - -
‘OCH; (50%) (50%) (74%) (26%) = (100%) = (100%)
an 13.74 13.74 14.37 14.63 = 13.57 = 13.45
ay 10.87 7.81 19.14 19.81 = 5.91 = 535
ay = = 2.13 = = = = =
“CH,OH (100%) (100%) (71%) (30%) (63%) (37%) (70%) (30%) (51%) (49%)
an 14.95 14.75 14.80 14.64 14.85 14.62 14.81 14.57 14.86 14.56
ay 21.25 21.20 24.54 16.43 24.48 16.68 23.90 15.76 23.87 15.86
@=C = = 6.10 9.53 6.08 9.56 6.52 9.95 6.49 9.88
“CH(OH)CH; (67%) (33%) (100%) (84%) (16%) (81%) (19%) (93%) (7%) (79%) (21%)
ay 14.94 15.00 14.77 14.75 14.80 14.66 14.60 14.71 14.60 14.63 14.45
ay 20.82 22.40 2134 23.00 16.64 23.02 16.50 21.90 16.50 21.65 15.80
COy” (100%) (58/53° %) (42/47° %) (49%) (41%) (10%) (51%) (49%) (41%) (41%) (18%) (63%) (37%)
ay 14.74 14.46/14.53° 14.20/14.25° 14.60 14.40 13.80 14.45 14.50 14.55 14.50 14.20 14.45 14.00
ay 17.16 16.62/16.48° 18.30/18.15° 21.57 14.40 22.86 14.45 21.32 21.30 13.85 23.14 14.45 22.66
ay = = = = = = 0.409 0.40 = 0.38® = =

45.14: data from Culcasi et al.,* Villamena et al.,> Stolze et al.,'* * mixture of rotamers, ~ variable contribution of HO" adduct’, #variable contribution of Hofmann product®.
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(ca. 0.5 mg/500 pl) was added to an aqueous spin trap solution
(40 mM), incubated for 1 min, after which the pH was readjusted
to pH 7.4 by 1:1 dilution with phosphate buffer (300 mM, pH 7.4,
containing 20 mM DTPA). An overview of all ESR-spectral parame-
ters is given in Table 6.

3. Discussion

Four novel carbamoyl or methylcarbamoyl derivatives of the
spin trap EMPO were synthesized in this study and compared with

20G

the previously obtained spin trap CAMPO* (AMPO®7) and its deriv-
atives. The chemical structure and purity of all compounds was
comprehensively supported by full NMR assignment ('H and
13C), ESI Q-TOF MS, FTIR, and UV-vis spectroscopy (Tables 1-5).
Our findings showed that a variety of products were formed in
superoxide-generating systems, especially when hypoxanthine/
xanthine oxidase was used. Although the observed half lives of
the superoxide adducts are within the range of suitable spin traps,
such as EMPO®'4-18 or DEPMPO,® the formation of isomers and
secondary products does not render these compounds appropriate

Figure 4. Mixture of superoxide and hydroxyl radical adducts formed from DMMCAPO incubated with hypoxanthine/xanthine oxidase. (a) DMMCAPO (20 mM), catalase
(250 U/ml), hypoxanthine (0.2 mM) and xanthine oxidase (50 mU/ml) in oxygenated phosphate buffer (10 mM, pH 7.4, containing 1 mM DTPA) were measured immediately
after mixing using the following EPR parameters: sweep width, 80 G; modulation amplitude, 0.52 G; microwave power, 20 mW; time constant, 0.08 s; receiver gain, 5 x 10%
scan rate, 57 G/min. (b) Spectrum recorded after 30 min. (c) Difference (Fig. 4a-0.39 xFig. 4b), (d) difference (Fig. 4b-1.20xFig. 4a), (e) difference (Fig. 4d-1.80xFig. 6b, that is,

elimination of impurities stemming from the ‘OH adduct, (see Table 6 for details).
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Figure 5. Measurement of superoxide radical spin adducts formed from CADMPO, DMMCAPO, CAEMPO, and EMMCAPO and solid KO,. (a) CADMPO (40 mM) was dissolved in
250 pl water, a small amount of solid KO, (approx. 0.5-1 mg) was added and the solution was immediately neutralized thereafter by 1:1 dilution using 300 mM phosphate
buffer pH 7.0, containing 20 mM DTPA, SOD (250 U/ml) and catalase (250 U/ml), giving a final pH of about 7.4. The spectrum was recorded immediately thereafter (Fig. 2a)
using the following EPR parameters: sweep width, 80 G; modulation amplitude, 0.10 G; microwave power, 20 mW; time constant, 0.08 s; receiver gain, 2.5 x 10%; scan rate,
57 G/min. (b) Same as in (a), except that DMMCAPO was used. (c) Same as in (a), except that CAEMPO was used. (d) Same as in (a), except that EMMCAPO was used.

for unequivocal detection of superoxide, especially in biological
systems where additional adduct species can be formed from a
variety of substances present. We therefore did not explore the
superoxide trapping in more detail and did not determine the indi-
vidual rate constants of the superoxide trapping reactions. They
were just roughly estimated to be similar or even smaller com-
pared to EMPO or DEPMPO. A further drawback when using car-
bamoyl derivatives (CADMPO and CAEMPO) is significant
formation of Hofmann rearrangement products under oxidizing
conditions. This reaction (though not observed in the presence of
SOD) is not specific for superoxide. It is also observed in Fenton-
type systems, using hydrogen peroxide/HRP incubations, or espe-
cially in hypohalite solutions.*

Hydroxyl radical detection is especially difficult with CADMPO
(and, to a minor extent, with CAEMPO) due to the presence of Hof-
mann degradation products, which are absent while using the
methylcarbamoyl compounds DMMCAPO or EMMCAPO.

Methoxyl radical adducts were rather unstable and were rap-
idly replaced by the respective carbon-centered hydroxymethyl
adducts, which were considerably more stable.

On the other hand, the novel compounds seem to be predisposed
for the detection of carbon-centered radicals, and they are valuable
tools for the distinction between small carbon-centered radicals,
such as methyl, hydroxymethyl, hydroxyethyl or carbon dioxide
anion radicals, as the ratio of the two major diastereomeric forms
strongly depends on the size of the trapped radical (see Fig. 8).
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Figure 6. Iron-dependent formation of hydroxyl radical spin adducts from CADMPO, DMMCAPO, CAEMPO, and EMMCAPO. (a) CADMPO (40 mM, initial concentration) was
incubated with a Fenton system containing FeSO4 (1 mM), EDTA (2 mM), H,0, (0.2%). The reaction was stopped after 10 s by 1:1 dilution with phosphate buffer (300 mM, pH
7.4, containing 20 mM DTPA) and the spectrum was recorded using the following spectrometer settings: sweep width, 80 G; modulation amplitude, 0.21 G; microwave
power, 20 mW; time constant, 0.08 s; receiver gain, 5 x 10%; scan rate, 57 G/min. (b) Same as in (a), except that DMMCAPO was used. (c) Same as in (a), except that CAEMPO

was used. (d) Same as in (a), except that EMMCAPO was used.

4. Conclusion

In conclusion, though all four novel EMPO-derived carbamoyl or
methyl carbamoyl derivatives formed superoxide adducts of simi-
lar or even higher stability compared to EMPO®'4-1® jtself and
sometimes equal to DEPMPO'®, they cannot be recommended for
superoxide trapping. Low spectral intensity, the presence of several
diastereomeric isomers and formation of secondary products (hy-
droxyl radical adducts and Hofmann degradation products) leads
to very complicated spectra.

However, the formation of only two different diastereomeric
forms from DMMCAPO and EMMCAPO is an advantage when car-
bon-centered radicals are trapped. The characteristic ratio between
these forms allows distinction between methyl, hydroxymethyl,
hydroxyethyl and carbon dioxide anion radical adducts.

5. Experimental
5.1. Chemicals

Ethacrolein, methacrolein and triethylamine were commer-
cially available from Fluka, all other chemicals were obtained from
VWR.

5.2. Syntheses

Synthesis and characterization of the compounds were per-
formed in analogy to those reported previously!~ for the synthesis
of derivatives of EMPO'4"'® and CAMPO*®7 with minor adapta-
tions as given below.
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5.2.1. Synthesis of ethyl 2-nitropropionate

Ethyl 2-bromopropionate (10.9 g, 60 mmol) was added under
stirring to a solution of sodium nitrite (7.2 g, 104 mmol) and phlor-
oglucinol (6.6 g, 52 mmol) in dry N,N-dimethylformamide (120 ml)
at room temperature. The solution was stirred overnight, poured
into ice water (240 ml), and extracted four times with ethyl acetate
(100 ml). The combined extracts were treated with 100 ml of a
NaHCOs/Na,COs solution and dried over MgS0O,. After removal of
the solids by filtration, the solvent was evaporated in vacuo. Dee-
ply colored products were extracted with water. After removal of
the solvent from the organic phase, the pale yellow product was
used without further purification, the aqueous phase (containing

20G
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the major part of the colored impurities) was discarded. Average
yield: 85% (crude product).

5.2.2. Ethyl 2-methyl-2-nitro-4-formylalkanoate

Ethyl 2-nitropropionate (3.4 g, 23 mmol) was dissolved in a
mixture of acetonitrile (10 g, 244 mmol) and triethylamine (0.2 g,
2 mmol). Methacrolein (2.7 g, 38 mmol, for CADMPO and DMMCA-
PO) or ethacrolein (3.2 g, 38 mmol, for CAEMPO and EMMCAPO)
was slowly added at 0 °C. The solution was kept at 10 °C for 1.5 h
and then poured into a solution of ice-cold HCI (5 ml of concen-
trated HCl in 150 ml of water). The solution was extracted 3 times
with CH,Cl, and dried over MgSO,. After filtration, the mixture was

Figure 7. Comparison of iron-dependent formation of methyl radical spin adducts from the spin traps CADMPO, DMMCAPO, CAEMPO, and EMMCAPO. (a) A Fenton system
was used with the following initial concentrations: CADMPO (40 mM), FeSO4 (1 mM), EDTA (2 mM), H,0, (0.2%) in 20% aqueous DMSO. The reaction was stopped after 10 s by
1:1 dilution with phosphate buffer (300 mM, pH 7.4, containing 20 mM DTPA) and the spectrum was recorded using the following spectrometer settings: sweep width, 80 G;
modulation amplitude, 0.21 G; microwave power, 20 mW; time constant, 0.08 s; receiver gain, 5 x 10% scan rate, 57 G/min. (b) Same as in (a), except that DMMCAPO was
used. (c) Same as in (a), except that CAEMPO was used. (d) Same as in (a), except that EMMCAPO was used.
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distilled under reduced pressure, and the purity of the remaining
product was assessed by thin layer chromatography and IR spec-
troscopy. Average yield: 84% (crude product).

5.2.3. Synthesis of the nitrones

Synthesis of the nitrones was performed according to the proce-
dure described recently for the synthesis of CAMPO derivatives.* To
a concentrated solution of 25 mmol of the respective ethyl-2-
methyl-2-nitro-4-formylalkanoate in H,O/CH30H (v/v=6:4) an
aqueous solution of ammonium chloride (1.87 g in 8 ml of water)
was added. While zinc dust (8.5 g, 130 mmol) was slowly added
within 30 min, the mixture was carefully kept at room tempera-
ture. The mixture was stirred for 4.5 h at room temperature, the

i
s
—+
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white precipitate and the remaining zinc powder were removed
by filtration, and the residue was washed five times with methanol
(30 ml). The liquid phase was concentrated to about 10 ml and ex-
tracted four times with 60 ml CH,Cl,. The organic phase was dried
with MgSQy,, filtered and concentrated. Column chromatography
on silica gel with a petroleum ether/ethanol gradient allowed the
separation from the majority of side products and provided a dark
yellow or light brown product. Additional purification was done on
a 1 ml solid phase extraction column using a Chromabond C-18
100 mg column obtained from Macherey-Nagel (Diiren, Germany)
using a water/methanol gradient as the eluant. Colored solutions
were subjected to the same procedure until the solution containing
the N-oxides remained colorless. The products were extracted

Figure 8. Comparison of different carbon-centered radical spin adducts from DMMCAPO, generated in a Fenton system in the presence of DMSO, methanol, ethanol or
formate. (a) A Fenton system was used with the following initial concentrations: DMMCAPO (40 mM), FeSO,4 (1 mM), EDTA (2 mM), H,0; (0.2%) in 20% aqueous DMSO. The
reaction was stopped after 10s by 1:1 dilution with phosphate buffer (300 mM, pH 7.4, containing 20 mM DTPA) and the spectrum was recorded using the following
spectrometer settings: sweep width, 80 G; modulation amplitude, 0.21 G; microwave power, 20 mW; time constant, 0.08 s; receiver gain, 5 x 10%; scan rate, 57 G/min. (b)
same as in (a), except that DMSO was replaced by methanol. (c) Same as in (a), except that ethanol was used. (d) Same as in (a), except that sodium formate (200 mM) was

used.



7584 K. Stolze et al./Bioorg. Med. Chem. 17 (2009) 7572-7584

three times with CH,Cl,, the solvent was removed and the identity
checked by TLC, IR and UV-vis spectroscopy. Average yield: 40—
50% (purified product).

5.2.4. Synthesis of the 3,5-dialkyl-5-carbamoyl and 3,5-dialkyl-
5-methylcarbamoyl pyrroline N-oxides

Synthesis of the 3,5-dialkyl-5-carbamoyl- or 5-methylcarba-
moyl pyrroline N-oxides was performed in analogy to CAMPO
(AMPO) according to Villamena et al.5” Briefly, the respective nit-
rones (3,5-EDPO or 3,5-EEMPO) were dissolved in aqueous ammo-
nia solution (for the 3,5-dialkyl-5-carbamoyl compounds) or
methylamine solution (for the 3,5,dialkyl-5-methylcarbamoyl
compounds) and stirred for several days until the spot (TLC) or
peak (HPLC) of the original N-oxide had completely disappeared
or larger amounts of secondary products were formed. After re-
moval of the aqueous ammonia solution (or methylamine solution,
respectively), the crude products were subjected to column chro-
matography on silica gel using methylene chloride/ethanol mix-
tures as the eluants. After purification on 1ml solid phase
extraction columns as described above (Chromabond C-18
100 mg columns), the compounds were obtained as white crystals
or colorless oils that crystallized in the refrigerator after several
days. The purity of the obtained products was assessed by TLC,
HPLC, and UV-vis spectroscopy. Final identification of the purified
products was performed by 'H NMR, '3C NMR, and IR spectros-
copy. Purity was confirmed by HRMS (see Table 3). Average yield:
20-30% (purified product). An attempt to synthesize the respective
dimethylcarbamoyl compounds using aqueous dimethylamine un-
der otherwise identical conditions failed. Instead, a variety of dark
colored products was formed, among which only the dimethylam-
monium salt of the respective carboxylic acid (ca. 10-20%) could be
identified. Isolation and purification was not possible.

5.3. Instruments

NMR spectra were recorded on a Bruker Avance at 400 MHz for
H, and 100 MHz for !3C at 22 °C. CDCl; was used as the solvent
throughout, TMS (tetramethylsilane) as the internal standard. Con-
centrations were set to 10 mg sample/0.6 ml solvent, temperature
to 293 K. 13C peaks were assigned by means of APT (attached pro-
ton test), HMQC ('H-detected heteronuclear multiple-quantum
coherence) and HMBC (heteronuclear multiple bond connectivity)
spectra. All chemical shift data are given in ppm units (Tables 1 and
2). Mass spectra were obtained as follows (Table 3). Samples were
diluted in the ratio 1:10,000 in 70% methanol containing 0.1% for-
mic acid and injected offline to ESI Q-TOF MS on a Waters Micro-
mass Q-TOF Ultima Global. IR spectra were recorded as film on
an ATI Mattson Genesis Series FTIR spectrometer (see also Table
4). UV-vis spectra were recorded on Hitachi 150-20 and U-3300

spectrophotometers in double-beam mode against a blank of the
respective solvent (Table 5). Determination of the concentrations
was done measuring the absorption maxima in the range between
200 and 300 nm. For determination of the partition coefficients,
500 pl of n-octanol was added to 500 pl of a solution of the respec-
tive spin trap (100 mM or 5-10 mg, respectively) in 100 mM phos-
phate buffer, pH 7.4. The mixture was vortexed for 2 min at room
temperature. If necessary, the procedure was repeated several
times, until an equilibrium between the two phases was achieved.
After careful separation of the phases, the absorbance was read at
the maximum around 235 nm after dilution with methanol. For
EPR experiments, Bruker spectrometers (ESP300E and EMX) were
used, operating at 9.7 GHz with 100 kHz modulation frequency,
equipped with a rectangular TE;g, or a TM;;9 microwave cavity.
All calculations for spectral simulation were done using the SimFo-
nia Program by Bruker (Table 6).
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