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ABSTRACT: Two bifunctional α-phenyl-N-cyclohexyl nitrones
were synthesized with the expectation that the cyclohexyl ring will
impart lipophilicity to the molecule, high reactivity to the nitronyl
group, and stability to the spin adducts formed. The synthesis of the
acid nitrone 4 and its corresponding tert-butyl ester 3 was initiated
by a Michael reaction to introduce the cyclohexyl ring. A Zn/AcOH-
mediated reduction of the nitro functionality followed by
condensation onto benzaldehyde generated the nitronyl function.
In agreement with their high lipophilicity values, nitrone 3 was
insoluble in water, while nitrone 4 exhibited a poor water solubility.
It was determined that the presence of the cyclohexyl ring did not
affect either the reduction or oxidation potentials of the nitronyl
group in comparison to the classical α-phenyl-N-tert-butylnitrone
(PBN). The spin trapping ability of 3 and 4 was investigated by EPR
for oxygen- and carbon-centered radicals. In most cases, the nitrones gave rise to a standard six-line EPR spectrum whose values
were in agreement with the literature, accompanied by a minor second species. In DMSO, the half-lives of nitrone 3 and 4−
OOH adducts were double that of PBN, suggesting that the stabilization comes from the cyclohexyl ring and/or the electronic
effect of the carboxylic acid.

■ INTRODUCTION

Nitrone-based compounds have been widely used as spin-traps
for detecting transient free radicals. The nitronyl group reacts
with a free radical to form a stable and identifiable aminoxyl
radical that can be detected by electron paramagnetic resonance
(EPR) spectroscopy.1,2 Two families of nitrones are commonly
employed: the cyclic nitrones derived from the 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) and the linear variants derived
from the α-phenyl-N-tert-butyl nitrone (PBN). Aside from their
use as spin-traps, the ability of nitrones to prevent oxidative
stress-mediated damage in in vitro, in vivo, and ex vivo models
has made them promising synthetic antioxidants with
considerable potential as therapeutics.3−6

When used as probes, it is of the utmost importance to
design nitrone spin traps that have the highest rate constant of
free-radical trapping to ensure efficient detection. The ease of
free-radical detection is also determined by the stability of the
corresponding aminoxyl spin adduct. In general, cyclic nitrones
lead to longer lived adducts than linear ones, and therefore,
several analogues of DMPO with improved persistence have
been designed.1 The phosphorylated analogue 5-(diethoxy-
phosphoryl)-5-methyl-1-pyrroline N-oxide (DEPMPO),7 ester
5-(ethoxycarbonyl)-5-methyl-1-pyrroline N-oxide (EMPO),8 2-
(tert-butoxycarbonyl)-5-methyl-1-pyrroline N-oxide (BocM-
PO),9 amido derivative (AMPO),10,11 and the trifluoromethyl

analogue of DMPO (5-TFDMPO)12 are illustrative examples.
On the other hand, efforts to synthesize analogues of PBN with
improved adduct stability have been met with limited success
when compared to their cyclic counterparts.13−15 In our group,
a series of para- and N-tert-butyl-substituted PBN derivatives
have been prepared. Although some of our derivatives proved
more potent than PBN, their rate of trapping remained within
the same order of magnitude.16−18 In comparison to cyclic
nitrones, linear nitrones are easier to synthesize and are often
solid at room temperature, affording paramagnetic impurity free
samples via recrystallization.
Several cyclic variants of PBN have been reported and

examined as spin-traps and/or therapeutic agents. Thomas and
colleagues reported the synthesis of 3,3-dimethyl-3,4-dihydroi-
soquinoline N-oxide (MDL 101,002, Figure 1) and several
analogues where the presence of the ring system made the
nitronyl group more reactive toward radicals due to restricted
rotation and higher accessibility.19,20 They also reported that, in
comparison to PBN, their lead compound displayed high
energy HOMO and lying energy LUMO orbitals, increasing its
reactivity toward electrophilic and nucleophilic radicals.19,20

Hideg and colleagues also reported a series of cyclic variants of
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PBN derived from adamantane (PyAN, Figure 1) whose
hydroxyl adduct stability was increased for the most efficient
derivative by ∼7 times when compared to that of PBN.21,22 A
heteroarylnitrone containing a N-cyclohexyl group showed
interesting antioxidant properties, although surprisingly, it failed
to show detectable HO• adduct signals while its N-tert-butyl
analogue did.23 A series of spirocycle-containing 2-benzazepine
derivatives (Figure 1) were investigated for their ability to
protect neuronal cells against oxidative stress. These com-
pounds out performed PBN, presumably due to their increased
lipophilicity.24 A DMPO derivative with a rigid spirolactonyl
moiety was also prepared and showed a higher rate constant of
superoxide trapping compared to several DMPO analogues.25

In connection with our program devoted to the design of
selectively targeted nitrone-based spin-traps with improved
reactivity toward free radicals, we report herein the design of
bifunctional α-phenyl-N-cyclohexyl nitrones (Figure 1). We
anticipate that the cyclohexyl ring will increase lipophilicity and
will increase the reactivity of the nitronyl group and stability of
the resulting spin adducts. Further functionalization of the
nitrone to accommodate target-specific groups may also impart

high reactivity toward radicals, yield a longer adduct half-life,
and afford enhanced and controlled bioavailability in a unified
molecular design (Figure 1). The synthesis of the α-phenyl-N-
cyclohexyl nitrone 4 and its corresponding tert-butyl ester 3 is
described in this paper, and the water solubility, lipophilicity,
and electrochemical properties of these two derivatives were
determined. The spin-trapping ability of the two nitrones was
next investigated by EPR, and the rate constants of superoxide
radical anion and hydromethyl radical spin-adduct formation
were experimentally determined.

■ RESULTS AND DISCUSSION

Synthesis. The synthesis of nitrone 4 began with a Michael
reaction between nitrocyclohexane and tert-butyl acrylate
(Scheme 1). After optimization (Table S1), it was found that
a 1/35 mixture of KOH/MeOH in dry Et2O as described by
Kolter et al. was the most effective,26 leading to compound 1 in
90% yield after flash chromatography purification. When
tBuOK was used as a base, larger amounts of tert-butyl acrylate
were needed to ensure a reasonable yield. Moreover,
degradation of the reaction mixture was observed in some
cases, with no compound 1 being formed. The next step
required formation of the nitronyl group. We investigated two
synthetic strategies. The first synthetic route relied on the
reduction of the nitro group to its hydroxylamine form, which
was further purified and isolated. Reduction was conducted in
the presence of zinc dust and NH4Cl in a 3:1 THF/H2O
mixture (v/v) under argon atmosphere following our previously
reported procedure.27 Hydroxylamine 2 was obtained in 80%
yield and was then condensed with benzaldehyde under argon
atmosphere in a dry 3:2 THF/AcOH mixture (v/v) in the
presence of molecular sieves to give nitrone 3 in 92% yield. The
second synthetic route consisted of a one-pot reduction−
condensation of the nitro derivative 1 onto benzaldehyde in the
presence of zinc dust and AcOH in EtOH.28 Under these
conditions, nitrone 3 was isolated after purification in 30%
yield, and although this second strategy was one step shorter, it
failed to bring any improvement in the overall yield. Finally,
removal of the tert-butyl protecting group under acidic
conditions led to nitrone 4 in 92% yield. It is worth noting
that despite the use of TFA no degradation of the nitronyl
group was observed. The synthesis of nitrone 4 was achieved in
61% overall yield in four steps, allowing gram-scale preparation.

Figure 1. Structure of PBN and DMPO, representative cyclic variants
of phenyl and aryl nitrones, and the general concept of α-phenyl-N-
cyclohexyl nitrone.

Scheme 1. Synthesis of Nitrones 3 and 4
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Before any physical−chemical investigation, both nitrones 3
and 4 were recrystallized twice in order to ensure high purity.
Water Solubility and Lipophilicity. The water solubility

of nitrones 3 and 4 and their sodium salt was determined using
the UV spectroscopy method17 and was compared to that of
PBN (Table 1). To prepare the salt, nitrone 4 was suspended in
water and 1 N NaOH was added until pH ∼10, resulting in the
complete dissolution of the nitrone. After filtration and
lyophilization, the salt was obtained in quantitative yield.
Nitrone 3 was insoluble in water while nitrone 4 exhibited a
water solubility of 2.1 g/L, which is 10 times lower than that of

PBN (21.4 g/L). Water solubility of nitrone 4 was significantly
improved after conversion to its carboxylic salt form (17.1 g/
L). The relative lipophilicity (log k′w) of the nitrones was
measured by HPLC, and the values are reported in Table 1.
This confirmed the higher lipophilic character of the ester
nitrone 3 compared to nitrone 4 with log k′w values of 3.56 and
2.32, respectively, whereas the log k′w found for PBN (1.68)
was in agreement with previous reports.27 Calculated partition
coefficients (C log P) were also determined using Marvin
software, and a good correlation was observed between the
experimental and the calculated data (R2 > 0.999, Figure S15).

Table 1. Physical−chemical and Electrochemical Properties of Nitrones 3 and 4

lipophilicity Ep(c) (V) Ep(a) (V)

nitrones water solubility (g/L) log k′wc C log Pd in H2O
e in CH3CN

f in CH3CN
f

3 a 3.56 4.53 a −2.19; −2.07 1.56
4 2.1 (17.1)b 2.32 3.33 −1.90 −2.28; −2.12 1.62
PBN 21.4 1.68 2.66 −1.74 −2.23; −2.04 1.61

(−1.53; −1.94) (−2.22; −2.12) (1.53; 1.67)
aNot soluble. bCarboxylate form. cPartition coefficient values obtained by HPLC. dCalculated octanol/water partition coefficient values obtained
using Marvin software (http://www.chemaxon.com/marvin/help/index.html). eContaining 50 mM of NaCl with reduction Ep(c) at Cv vitreous
carbon electrode. fContaining 50 mM of TBAP with reduction Ep(c) and oxidation Ep(a) at Cv vitreous carbon electrode.

Figure 2. Cyclic voltammograms of PBN and nitrones 3 and 4 in acetonitrile containing 50 mM of TBAP with a sweep rate of 0.1 V·s−1: (A)
reduction and (B) oxidation.

Table 2. Hyperfine Coupling Constants Determined for a Series of Radical Adducts Obtained from the β-Substituted Nitrones 3
and 4

radical adducts nitrone 3 nitrone 4

radical source solvent aN aH
ratio
(%) aN aH

ratio
(%) nitroxide detected

•OMe PbOAc4 MeOH 13.90 2.80 14.10 2.90 100 3-OMe or 4-OMe
•CH2C(O)CH3 Fenton acetone 13.97 3.72 14.18 3.57 64 3-CH2C(O)CH3 or 4-CH2C(O)CH3

13.97 32 14.23 36 unidentified nitroxide
•CH2OH Fenton MeOH 15.15 4.16 15.26 4.41 63 3-CH2OH or 4-CH2OH

15.14 34 15.26 37 unidentified nitroxide
•CH(CH3)OH Fenton EtOH 14.24 3.43 14.97 3.93 72 3-CH(CH3)OH or 4-CH(CH3)OH

14.03 35 14.68 28 unidentified nitroxide
•CH3 Fenton DMSO 14.53 3.67 14.80 4.02 60 3-CH3 or 4-CH3

14.49 29 14.67 40 unidentified nitroxide
•OtBu (tBuO)2, hυ CH2Cl2 13.80 2.14 13.73 2.10 67 3-OtBu or 4-OtBu

13.59 2.69 34 13.98 3.07 33 3-O2Me or 4-O2Me
•O2H DTPA, riboflavin,

blue light
DMSO 13.16 1.15 13.61 1.15 55 3-O2H or 4-O2H

13.62 3.88 39 14.39 3.05 45 C-centered radical adduct derived from 3
or 4

H NaBH4, air MeOH 15.30 9.72 (2H) 15.40 10.35 (2H) 80 3-H or 4-H
15.42 14.98 32 15.42 17.03 20 cyclic nitroxides
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Cyclic Voltammetry. The electrochemical behavior of the
two nitrones was investigated using cyclic voltammetry (Table
1). Initial cyclic voltammetry experiments were conducted in 50
mM NaCl aqueous solution. As previously observed for other
nitrones, the oxidation of the nitronyl group was not
measurable due to overlapping of the oxidation peak with the
solvent discharge.18,29,30 We have previously reported that para-
substituted PBN derivatives possess two reduction peaks with
the current of the first peak being much lower than the second
one. In our hands, only one peak corresponding to reduction
was observed, with a cathodic peak potential of −1.90 V vs Ag/
AgCl for nitrone 4, in comparison with PBN at −1.74 V. This
shows that under aqueous conditions the reduction of nitrone 4
is less favored than that of PBN. It must also be noted that the
reduction value observed for PBN correspond to the average of
the two peaks observed in our previous work, i.e., −1.53 and
−1.94 V. Due to its insolubility in water, nitrone 3 was not
tested.
We next studied the electrochemical properties of the

nitrones in acetonitrile containing tetrabutylammonium per-
chlorate (TBAP) as an electrolyte. PBN and nitrones 3 and 4
are reduced through two successive electron transfers in
agreement with our previous observations (Figure 2A).18

Only a modest ease of reduction was observed for nitrone 4
compared to nitrone 3 and PBN. Moreover, the two peaks are
displaced toward negative potentials when the potential scan

rate is increased (data not shown). Compared to the aqueous
conditions, oxidation of nitrone 3 and 4 was clearly observed in
acetonitrile (Figure 2B) with values of 1.56 and 1.62 V,
respectively, compared with PBN at 1.61 V. This data shows
that the presence of the cyclohexyl ring does not affect either
the reduction or oxidation potentials of the nitronyl group,
which is in agreement with findings by Zuman and Exner,31

McIntire et al.,29 and our group.17 A thorough investigation of
the redox properties of the two nitrones is beyond the scope of
the current study.

Spin Trapping. To evaluate the spin-trapping ability of
nitrones 3 and 4, we investigated the formation of various
carbon- and oxygen-centered radical spin adducts. The
hyperfine coupling constants (hfcc’s) are reported in Table 2,
and examples of EPR spectra are presented in Figure 3. In most
cases, the nitrones tested gave rise to a standard six-line EPR
spectrum whose hfcc’s are in agreement with the literature.
Methoxy radical (CH3O

•) was generated in the presence of
PbOAc4 in methanol leading to a single species with hfcc values
of aN = 13.9 G and aH = 2.8 G and aN = 14.1 G and aH = 2.9 G
for nitrones 3 and 4, respectively. Under the other conditions
tested, two species were observed. The generation of the
superoxide radical (HO2

•/O2
•−) was achieved by irradiation of

a riboflavin solution in the presence of DTPA as a electron
donor. For both nitrones, a major six-line species was observed
and assigned to the nitrone−superoxide spin adduct. With this

Figure 3. EPR spectra of (A) 3−CH2OH adduct obtained by using a Fenton system in water/methanol, (B) of 4−O2H adduct obtained by using a
light/riboflavin/electron donor system in DMSO, and (C) 3-H recorded after NaBH4 reduction of 3 in methanol and the superimposed simulation
(red dotted line). The various hfcc values obtained after simulation are given in Table 2.

Scheme 2. (A) Formation of Nitroxides 3-3 and 4-4 after Reaction of HO• on Nitrones 3 and 4, Respectively; (B) Formation of
Nitroxides 3-H and 4-H after a Forrester−Hepburn Mechanism and Proposed Mechanism for the Formation of Cyclic
Nitroxides under the Basic Conditions of NaBH4 Reduction
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superoxide-generating system, the concomitant formation of a
carbon-centered radical adduct systematically occurred, as
mentioned in the literature.30,32 With the tert-butoxy radial
(tBuO•), a second minor six-line species was also observed.
According to Bors et al.,33 this second species could arise from
the β-scission of the tert-butoxy radical leading to methyl radical
(CH3

•) which could react with O2 to form a peroxy radical
(MeO2

•).
The Fenton reaction was used to generate carbon-centered

radicals, i.e., methyl, α-hydroxy radicals (•CH2OH and
CH3CH

•OH), and 2-oxopropyl (•CH2C(O)CH3) radicals.
Under these conditions, for all radicals generated, the main
six line species were accompanied by a minor three-line species
that could correspond to a nitroxide byproduct whose aN value
variation agreed well with the medium polarity.
In the absence of an HO• scavenger, neither the Fenton

system nor the photolysis of H2O2 led to the observation of the
hydroxyl adduct, probably because of the very poor stability of
hydroxyl radical adducts of PBN-type nitrones. Due to nitrone
solubility issues, experiments were performed in the presence of
HO•-unreactive cosolvents, i.e., dichloromethane or acetoni-
trile. Independent of the medium, only the weak three-line
signal mentioned above, assigned to an unidentified nitroxide
byproduct, was systematically observed (aN = 14.4−14.6 G),
along with the rather weak spectrum of a carbon-centered
radical adduct exhibiting hfcc values of aN = 13.2 G and aH =
3.6 G for 3 in 55:45 ACN/H2O (v/v) and aN = 14.6 G and aH
= 3.4 G for 4 in 55:45 DCM/H2O (v/v). These adducts could
be formed via abstraction of a proton α to the carbonyl group
of 3 and 4 by a HO• radical and the subsequent trapping of
radical with another molecule of 3 or 4, thereby yielding the
spin adducts denoted 3-3 and 4-4 (Scheme 2A).
Reduction of the nitronyl function using NaBH4 led to the

formation of the hydroxylamine form, which was further
oxidized to the nitroxide according to the Forrester−Hepburn
mechanism (Scheme 2B).15 When compared to the literature,34

both nitroxides exhibited expected aN and aH values for H-
adducts derived from PBN-type nitrones; that is, aN = 15.3 G
and aH = 9.7 G for nitrone 3 and aN = 15.4 G and aH = 10.3 G
for nitrone 4. In addition, the concomitant formation of a
second nitroxide was systematically observed for all of the
nitrones tested. The following hfcc values were determined for
this second species: aN = 15.4 G and aH = 15.0 G for nitrone 3
and aN = 15.4 G and aH = 17.0 G for nitrone 4. A survey of the
spin-trapping literature clearly indicates that these species show
aH values that are much too high to be assigned to linear
nitrone spin adducts and, therefore, may indicate the formation
of 5-membered cyclic nitroxides. Although hypothetical, the
formation of such cyclic nitroxides may arise from the basicity
of the medium. Indeed, NaBH4 contains NaOH and MeONa as
impurities, which could promote the cyclization as depicted in
Scheme 2B.

Kinetics of Spin-Adduct Decay. The light−riboflavin−
DTPA system in DMSO was employed to investigate the
kinetics of decay of the superoxide adduct. The decay was
recorded after the irradiation was stopped, and the EPR signal
persisted for 25−30 min. After deconvolution of the EPR
spectra using the pseudoinverse procedure, the kinetic curves
obtained were analyzed with a first-order decay fit (Figure 4).
On the basis of the first-order rate constant determination, the
half-life of the spin adducts was evaluated, and data are
presented in Table 3. In agreement with the literature, the half-
life of PBN is rather short (t1/2 ∼3 min), while those of nitrone
3 and nitrone 4 are 2-fold longer, ∼5.5 and ∼6.7 min,
respectively. A similar procedure was employed to study the
decay of the hydroxymethyl spin adduct in a 6:4 methanol/
H2O mixture (v/v). A standard Fenton system was employed
to generate HO•, which further reacted with methanol to yield
•CH2OH radical. Only the spectra obtained after all of the
Fenton system had been consumed (i.e., during the last 5 h)
were considered in order to focus on the decay kinetics only.
For all of the nitrones tested, hydroxymethyl spin adducts were

Figure 4. Experimental kinetic curve of decay of the adducts (black lines) and superimposed calculated curve (red dotted lines) obtained by
considering a first-order decay: (A) 3−CH2OH adduct and (B) 4−O2H adduct. The kinetic parameters are given in Table 3.

Table 3. Half-life and Rate Constant of Decay for PBN, Nitrone 3, and Nitrone 4

•O2H
•CH2OH

kD (s−1) t1/2 (s) kD (s−1) t1/2 (s)

PBN (3.74 ± 0.09) × 10−3 185 ± 5 (0.61 ± 0.02) × 10−3 1136 ± 38
nitrone 3 (2.12 ± 0.14) × 10−3 327 ± 24 (0.54 ± 0.02) × 10−3 1284 ± 47
nitrone 4 (1.72 ± 0.15) × 10−3 403 ± 32 (0.55 ± 0.03) × 10−3 1260 ± 65
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rather persistent with half-lives around 20 min, but no
significant differences were observed between nitrones 3 and
4, while PBN exhibited only a slightly shorter half-live (t1/2 ∼19
min for PBN/•CH2OH adduct vs ∼21 min for 3−CH2OH and
4−CH2OH). In the next step, the persistence of the methyl
radical adducts was examined in a 6:4 DMSO/H2O mixture (v/
v). A procedure similar to that used for the hydroxymethyl
radical adducts was employed, with DMSO being used instead
of methanol. All of the nitrones displayed an intense six-line
signal corresponding to the methyl radical adduct, and no
significant decrease occurred after 24 h in the EPR cavity. The
three spin adducts showed a very high persistence in DMSO/
H2O since they were still detected after several days at room
temperature. Notably, the decay of the three methyl adducts
was not significantly faster after the addition of methanol (ca.
50% in volume) in the medium. This clearly indicates that the
decay previously observed for the •CH2OH radical adducts did
not correspond to the reduction of the nitroxide function by
methanol. In view of the above findings, it can be concluded
that the spin adducts of 3 and 4 were more persistent than that
of PBN. This may originate from the steric hindrance
associated with the cyclohexyl moiety, which could hamper
the spin-adduct decay, although we cannot exclude electronic
effects induced by the carboxylic acid.

■ CONCLUSION
We have synthesized a bifunctional α-phenyl-N-cyclohexyl-
nitrone 4 containing a free carboxylic acid which is amenable to
further functionalization. The synthesis is straightforward and
allows the gram-scale preparation of paramagnetic impurity-free
nitrone 4 in 61% overall yield in four steps. The water solubility
of nitrone 4 is poor but can be significantly improved after
conversion to the carboxylate salt. The presence of the
cyclohexyl ring does not affect either the reduction or oxidation
potentials of the nitronyl group when compared to the classical
PBN, as demonstrated by cyclic voltammetry. Nitrone 4
showed efficient trapping of carbon- and oxygen-centered
radicals, and the half-life of •O2H adducts was twice as long as
that of PBN. This demonstrates that the cyclohexyl group
significantly slows the spin-adduct decomposition, although
further studies are required to elucidate if the carboxylic acid
functionality has a significant effect.

■ EXPERIMENTAL SECTION
Synthesis. All reagents were from commercial sources and used as

received. All solvents were distilled and dried according to standard
procedures. TLC analysis was performed on aluminum sheets coated
with silica gel (40−63 μm). Compound detection was achieved either
by exposure to UV light (254 nm) and by spraying a 5% sulfuric acid
solution in ethanol or a 2% ninhydrin solution in ethanol and then by
heating at ∼150 °C. Flash chromatography was carried out on silica gel
(40−63 μm). Melting points have not been corrected. The 1H NMR
spectra were recorded at 400 MHz and the 13C NMR at 100 MHz.
Chemical shifts are given in ppm relative to the solvent residual peak
as a heteronuclear reference for 1H and 13C. Abbreviations used for
signal patterns are bs, broad singulet; s, singlet; d, doublet; dd, doublet
of doublet; t, triplet; q, quartet; m, multiplet. HR-MS spectra were
recorded on a mass spectrometer equipped with a TOF analyzer for
ESI+ experiments.
Compound 1. Under argon atmosphere, 5 g (38.7 mmol, 1 equiv)

of nitrocyclohexane were dissolved in Et2O (8 mL). The solution was
cooled, and 0.44 mL of a 1.5:8.5 KOH/MeOH solution (m/m) (1.11
mmol, 1/35 equiv) and 4.9 mL of tert-butoxy acrylate (38.7 mmol, 1
equiv) were successively added dropwise. The solution was stirred at
RT for 16 h then AcOH was added until the pH of the solution

reached ∼5. The solvents were removed under vacuum, and the
resulting crude residue was purified by flash chromatography
(cyclohexane/Et2O 95:5 v/v) to lead to compound 1 (8.95 g, 34.83
mmol, 90%) as a yellow oil: Rf (cyclohexane/Et2O) = 0.37; 1H NMR
(CDCl3, 400 MHz) δ 2.46−2.41 (2H, m), 2.22−2.14 (4H, m), 1.64−
1.34 (8H, m), 1.46 (3H, s); 13C NMR (CDCl3, 100 MHz) δ 171.4,
91.3, 80.6, 35.0, 33.4, 29.5, 28.1, 24.5, 22.4; MS (ESI+, m/z) 258 [(M
+ H)+], 275 [(M + NH4)

+], 280 [(M + Na)+], 296 [(M + K)+]; HR-
MS (ESI+, m/z) calcd for C13H23O4N [(M + H)+] 258.1706, found
258.1715.

Compound 2. Under argon atmosphere, 1.89 g of compound 1
(6.60 mmol, 1 equiv) and 0.53 g of NH4Cl (9.90 mmol, 1.5 equiv)
were dissolved in a 3:1 THF/H2O mixture (v/v). The solution was
cooled, and 1.72 g of zinc dust (24.4 mmol, 4 equiv) was added
portionwise, keeping the temperature below 15 °C during the
addition, then the solution was stirred for 2 h at rt and filtered off
through a pad of Celite. The solvents were removed under vacuum,
and the crude residue was purified by flash chromatography
(cyclohexane/EtOAc, 8:2 v/v) to lead to compound 2 (1.44 g, 5.28
mmol, 80%) as a white powder: Rf (cyclohexane/EtOAc, 8:2 v/v) =
0.22; 1H NMR (CDCl3, 400 MHz) δ 5.55 (1H, bs), 2.19 (2H, t, J =
6.0 Hz), 1.71 (2H, t, J = 6.0 Hz), 1.60−1.10 (10H, m), 1.39 (9H, s);
13C NMR (CDCl3, 100 MHz) δ 174.4, 80.2, 57.82, 32.5, 31.2, 29.4,
28.0, 25.9, 21.8; MS (ESI+, m/z) 244 [(M + H)+], 266 [(M + Na)+],
282 [(M + K)+]; HR-MS (ESI+, m/z) calcd for C13H26O3N [(M +
H)+] 244.1913, found 244.1911.

Compound 3. Under argon atmosphere, 0.98 g of benzaldehyde
(9.28 mmol, 1 equiv) and 1.81 g of compound 2 (7.38 mmol, 0.8
equiv) were dissolved in a 3:2 THF/AcOH mixture (v/v) in the
presence of 4 Å molecular sieves. The solution was stirred at 60 °C for
16 h, and 0.25 equiv of compound 2 was added after 3 and 14 h of
stirring (total mass of compound 2 2.95g, 12.0 mmol, 1.3 equiv). The
crude mixture was filtered through a pad of Celite, and the solvents
were removed under vacuum. The resulting crude residue was purified
by flash chromatography (cyclohexane/EtOAc, 8:2 v/v) to lead to
compound 3 (2.83 g, 8.54 mmol, 92%) as a white powder: Rf
(cyclohexane/EtOAc, 8:2 v/v) = 0.40; mp 154.8−157.6 °C; 1H
NMR (CDCl3, 400 MHz) δ 8.29 (2H, m), 7.50−7.35 (4H, m), 2.30−
2.10 (6H, m), 1.84 (2H, m), 1.61 (4H, m), 1.50 (2H, m), 1.40 (9H,
s); 13C NMR (CDCl3, 100 MHz) δ 172.4, 131.7, 130.8, 130.2, 128.9,
128.5, 80.5, 75.2, 34.3, 29.6, 28.0, 25.4, 22.30; MS (ESI+, m/z) 332
[(M + H)+], 354 [(M + Na)+], 370 [(M + K)+]; HR-MS (ESI+, m/z)
calcd for C20H30O3N [(M + H)+] 332.2226, found 332.2252.

Compound 4. Under argon atmosphere, 0.5 g of compound 3 (1.51
mmol) was dissolved in a 2:8 TFA/CH2Cl2 mixture (v/v). The
solution was stirred for 4 h at rt, and then the solvents were removed
under vacuum. The resulting crude mixture was purified by flash
chromatography (EtOAc/cyclohexane, 6:4 v/v) to lead to compound
4 (0.38 g, 1.39 mmol, 92%) as a white powder: Rf (cyclohexane/
EtOAc, 6:4 v/v) = 0.12; mp 187.8−189.2 °C; 1H NMR (CDCl3, 400
MHz) δ 8.29 (2H, m), 7.53 (1H, s), 7.44 (3H, m), 2.32−2.28 (2H,
m), 2.21−2.17 (4H, m), 1.90−1.83 (2H, m), 1.63−1.58 (4H, m), 1.50
(2H, m); 13C NMR (CDCl3, 100 MHz) δ 176.6, 134.9, 131.3, 130.1,
129.8, 128.7, 75.5, 34.4, 32.6, 28.5, 25.5, 22.3; MS (ESI+, m/z) 276
[(M + H)+], 298 [(M + NH4)

+], 314 [(M + K)+]; HR-MS (ESI+, m/
z) calcd for C16H22O3N [(M + H)+] 276.1600, found 276.1611

Determination of Water Solubility. For PBN and nitrones 3 and
4, a UV-calibration curve at 290 nm was established from solutions
ranging from 10−3 to 10−2 g/L (R2 > 0.997). A saturated solution of
nitrone was prepared at 40 °C and then allowed stand at rt overnight.
After centrifugation (12000 g, 15 min) at rt, the concentration of the
supernatant solution was determined using the calibration curve.

Determination of log k′W Values. Compounds were dissolved in
MeOH at 0.5 mg/mL and were injected onto a C18 reversed-phase
column (250 mm × 4.6 mm, 5 μm). The compounds were eluted at
various MeOH and water ratios (9:1 to 4:6 v/v) with 0.1% acetic acid
using a flow rate of 0.8 mL/min. The column temperature was 25 °C,
and the UV detector wavelength was λ = 298 nm. Linear regression
analysis was performed on four data points for compound 3 (from 9:1
to 6:4; R2 > 0.997); compound 4 (from 7:3 to 4:6; R2 > 0.999) and
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PBN (from 7:3 to 4:6; R2 > 0.999). The log k′ values were calculated
by using the equation: log k′ = log((t − t0)/t0), where t is the retention
time of the nitrone and t0 is the elution time of MeOH, which is not
retained on the column.
Determination of C log P Values. The partition coefficient

octanol/water (ClogP) was determined using MarvinSketch 5.9.0,
which is available at www.chemaxon.com/marvin.
Cyclic Voltammetric Measurement. The electrochemical experi-

ments were carried out using a three-electrode cell in a dry argon
atmosphere at room temperature. An Ag/AgCl/saturated NaCl
electrode was used as the reference electrode and a platinum wire as
the auxiliary electrode. The working electrode (glassy carbon) was
polished prior to each experiment using a 0.04 μm aqueous alumina
slurry on a wetted polishing cloth.
Spin-Trapping Experiments. Free radicals were produced in the

presence of the nitrone of interest (50−100 mmol L−1) solubilized in
organic solvents. EPR assays were carried out in capillary tubes. EPR
spectra were recorded at room temperature on an X-band Bruker
EMX spectrometer equipped with an NMR gaussmeter for magnetic
field calibration. The following conditions were used: modulation
frequency, 100 kHz; nonsaturating microwave power, 10−15 mW;
modulation amplitude, from 0.1 to 0.125 mT; receiver gain, from 5 ×
103 to 5 × 105; time constant, from 1.28 to 655 ms; scan time, from 60
to 180 s; scan width, from 4.5 to 7 mT. Standard EPR simulations
were performed using Winsim software elaborated by Duling and
provided by the National Institute of Environmental Health
Sciences.35

Carbon-Centered Radicals. The carbon-centered radicals •CH2C-
(O)CH3,

•CH2OH,
•CH(CH3)OH, and

•CH3 were generated by
using acetone, methanol, ethanol, or DMSO, respectively. In all
experiments, the medium contained 60% of organic solvent used as the
HO• scavenger.
tert-Butoxy Radical. The tert-butoxy radical tBuO• was generated

in the presence of the nitrone by UV photolysis of a 3 mol·L−1

(OtBu)2. Benzene was used with nitrone 4, while dichloromethane was
employed with nitrone 3.
Methoxy Radical. The methoxyl radical was produced in methanol

by adding Pb(OAc)4 (10 mmol L−1) to a 50 mmol L−1 nitrone
solution in methanol.
Superoxide Radical. The superoxide radical was produced in

DMSO in the presence of 100 mmol L−1 nitrone by irradiating a
solution containing 0.1 mmol L−1 riboflavin and 4 mmol L−1

ethylenetriaminepentacetic acid (DTPA) with blue light. In these
experiments, the medium was irradiated directly into the cavity of the
EPR spectrometer.
Hydroxyl Radical. The hydroxyl radical was generated in the

presence of the nitrone by a Fenton system consisting of 0.4% H2O2
and 10 mmol L−1 FeSO4. Stock solutions of both H2O2 and FeSO4
were prepared in water, while the nitrone was solubilized in either
DCM or DCM/ACN (1/4 vol/vol). In a standard experiment, FeSO4
and the nitrone of interest were mixed together before H2O2 addition,
and the medium was immediately transferred in a capillary tube for
EPR analysis.
H-adducts. The “pseudo H-adducts” were obtained by reducing the

two nitrones (0.1 mol·L−1) by NaBH4 (0.3 mol·L−1) in methanol.
Autoxidation of the hydroxylamines led to the corresponding aminoxyl
radicals.
Spin Adduct Persistence. The persistence of superoxide,

hydroxymethyl, and methyl radical adducts was examined in organic
media. Kinetic studies of the decay of the nitrone−superoxide adducts
were carried out using the light−riboflavin system described above to
generate superoxide in the presence of 100 mmol L−1 nitrone. The
medium was irradiated with blue light directly into the EPR cavity for
2−3 min, and the light was shut off before recording a series of EPR
spectra for at least 30 min. One spectrum was then recorded every 20 s
in order to collect a series of at least 100 spectra for each experiment.
Using a procedure fully described elsewhere,36 noise was then reduced
using the SVD procedure and the deconvolution using the
pseudoinverse method was applied, thereby yielding the kinetic
curves. After computer modeling of these curves considering an

exponential decay, the value of the first-order kinetic constants kD was
obtained.

The same procedure was employed to study the decay of the
CH2OH spin adduct in a 6:4 methanol/water mixture (v/v). The
hydroxymethyl radical was generated in the presence of 100 mmol L−1

nitrone by a standard Fenton system. The medium was transferred
into a capillary tube placed in the spectrometer cavity, and one
spectrum was recorded every 42 s during 15 h. Only the spectra
obtained during the last 5 h (i.e., when we were sure that the •OH
production was over) were kept for the decay kinetic study. The same
procedure was applied to examine the stability of the •CH3 radical
adducts by replacing the methanol by DMSO. All of the kinetic
experiments were performed in duplicate.
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