Stable p-phosphorylated cyclic aminoxyl radicals in SDS micelles
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The behaviour of a series of stable cyclic aminoxyl radicals in the presence of SDS micelles was studied by EPR
spectroscopy. Six different compounds, i.e. two non-phosphorylated and four B-phosphorylated, were investigated.
Except in the case of the strongly hydrophilic 3-CP 1, which always remained in the bulk aqueous phase, all the
radicals were found to exchange between water and micelles. Their partition coefficients were evaluated from
computer simulations of the EPR spectra and in the case of two aminoxyls TOMER-Et 5 and TOMER-Pr' 6,

the variation of the rate constant with temperature allowed us to estimate the exchange activation energy.

Introduction

Stable aminoxyl free radicals are being used for an increasing
number of applications in various fields, particularly in biology.
These compounds have been widely used as EPR spin probes
in biological systems to determine the molecular dynamics of
various macromolecules,' to study membrane permeability and
structure,™® to follow drug delivery to organs via liposomes,*
as SOD mimics,’ or in oximetry.® Aminoxyls have also been
successfully used as contrast agents in magnetic resonance
imagery to characterise diseases or to investigate affected
organs.” Such a variety in potential applications explains the
great diversity of available stable aminoxyl radicals, especially
concerning their lipophilicity and their EPR parameters.

Previous studies were devoted to the behaviour of non-
phosphorylated aminoxyl radicals in water/micelle hetero-
geneous media, in particular in order to elucidate micelle
structure and properties.®!® A few papers also deal with the
determination of aminoxyl radical penetration depth, location
and mobility in the presence of sodium dodecyl sulfate (SDS)
micelles and of a polymer, since these radicals can be used to
control polymerisation in the presence of micelles.!"

Recently the behaviour of persistent B-phosphorylated
aminoxyls generated by spin-trapping in the presence of
SDS micelles was studied by EPR spectroscopy'® and the
phosphorus coupling constant was found to be a good indi-
cator of the spin-adduct location in the water/micelle hetero-
geneous system. A new technique was thus elaborated to deter-
mine spin-adduct partition coefficients and it would now be
interesting to extend this method to stable B-phosphorylated
aminoxyl radicals, in order to improve its validity.

A few years ago, stable aminoxyl radicals of the pyrrolidin-
oxyl series were generated in our laboratory." The mechanisms
of reduction of these compounds by various biological agents,
such as ascorbic acid or flavins, have already been deter-
mined and acceptable reduction rates have been found.!**
In addition, their EPR spectra present a large phosphorus
hyperfine splitting constant (hfsc), which was found to be very
sensitive to the pyrrolidinyl ring conformation, and which
is thus expected to be a useful probe for investigating the
behaviour of the aminoxyls in heterogeneous systems. The
B-phosphorylated aminoxyl EPR spectra were thus recorded
in the presence of aqueous solutions of sodium dodecyl
sulfate (SDS) micelles. Although micelles do not have a bilayer
structure, this work can be considered as a very first step in the
study of B-phosphorylated aminoxyl behaviour in the presence

of various biomembrane models. In the next step, the same
kind of study will be realised with more complicated and more
reliable membrane models, such as liposomes.

Results

The six stable aminoxyl radicals studied, the structures of
which are given below, could be divided into two groups: two
non-phosphorylated probes, i.e. 3-carboxy-2,2,5,5-tetramethyl-
pyrrolidine- N-oxyl 1 (3-CP), and 2,2,6,6-tetramethylpiperidine-
N-oxyl 2 (TEMPO), and four B-phosphorylated compounds,
i.e. r-2-diethoxyphosphoryl-c-4-phenyl-2,5,5-trimethylpyrrol-
idine-N-oxyl 3 (TOBER-36), r-2-diethoxyphosphoryl-z-4-
phenyl-2,5,5-trimethylpyrrolidine-N-oxyl 4  (TOBER-53),
2-diethoxyphosphoryl-2,5,5-trimethylpyrrolidine- N-oxyl 5
(TOMER-Et), and  2-di(isopropyloxy)phosphoryl-2,5,5-
trimethylpyrrolidine-N-oxyl 6 (TOMER-Pr').
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When the aminoxyl EPR spectra were recorded in the
presence of SDS (concentrations ranging from 0 to 150 mmol
dm™?), three different cases were observed.

First, for 3-CP 1, the hfsc with the nitrogen nucleus (ay = 1.62
mT) remained unchanged whatever the SDS concentration was,
indicating that this compound remained in the bulk aqueous
phase. This result was expected since 1 has been reported to
be strongly hydrophilic, with an octanol-phosphate buffer
partition coefficient of 0.08 at pH = 7.7 Furthermore, it has
been demonstrated that this compound was unable to enter the
micelles because of electrostatic repulsions between the polar
heads of the SDS molecules associated in micelles and the
charge of the anionic 3-CP.1%2°
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Table 1 EPR parameters in pure water and in micelles, distribution coefficients (K,) and partition coefficients (K,) between water and micelle

phases of the aminoxyls 1-6

Aminoxyl dp,/mT Any/mT App/mMT A/ mMT 1073 Ky K,

TEMPO 2 — 1.723¢ 1.685 £ 0.004¢ 3.04£1¢ 91¢
TOBER-36 3 3.638¢ 1.520¢ 3.520 + 0.001°¢ 1.487 £0.001°¢ 70.75 £ 10¢ 2122¢
TOBER-53 4 5.452¢ 1.524¢ 5.305 £ 0.004¢ 1.492 £ 0.001¢ 27.10 + 4¢ 813¢
TOMER-Et 5 4.799* 1.533% 4.510° 1.490° 3.16 £ 0.2 954
TOMER-Pr 6 4.741* 1.538% 4.394° 1.500° 15.00 £ 0.5¢ 4507

“ Determined from EPR spectra recorded in aqueous media. ® Evaluated by simulation of the EPR spectra exhibiting two separated species.
¢ Evaluated using computer modelling of the average hfsc vs. ([SDS] — cmc) following eqn. (1). ¢ Calculated using linear regression on K, ~ 0.03 K.

In the case of TEMPO 2, TOBER-36 3, and TOBER-53 4,
modifications in the EPR spectra occurred as soon as micelles
were formed, i.e. at SDS concentrations higher than the critical
micelle concentration (cme ca. 8.2 mmol dm™?). For these three
compounds, the nitrogen hfsc (ay) decreased slightly when the
SDS concentration was raised. For example, in the case of
TEMPO, ay varied from 1.73 mT to 1.69 mT when the SDS
concentration was increased from the cmc to 50 mmol dm™.
Such a phenomenon has already been mentioned for different
aminoxyl radicals in previous studies,'>"*?! and this @ modifi-
cation was explained by a decrease in the radical environment
polarity. Actually, aminoxyl radicals can be represented by the
two mesomeric forms A and B, as indicated in Scheme 1,

R R
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Scheme 1 Representation of the two limiting mesomeric forms of an
aminoxyl radical. The A form is favoured in polar media.

and the ay value is expected to increase when the A form is
favoured, for example in polar media. However, this variation
was always lower than 0.04 mT and in the case of 3 and 4,
the main change observed in the EPR spectra, when the SDS
concentration was raised, resulted from a larger decrease of
the phosphorus hfsc (ap). For example, in the case of TOBER-
36, a 0.1 mT sudden a;p decrease was observed as soon as the
cmc was reached. As previously mentioned, this ap variation
corresponded to a modification in the compound conform-
ation, which, along with the ay decrease, confirmed a partial
location of the aminoxyl radical in micelles. Thus, the EPR
signals observed above the cmc corresponded to the averaged
spectra of aminoxyl radicals in exchange between aqueous
and micellar media, that is to say that ay and ap values obtained
for different SDS concentrations should be considered as mean
values and designated as {ay) and {ap), respectively.

In a previous work, the aminoxyl radical affinity for a
micellar pseudophase has been evaluated by a micelle-water
distribution coefficient Kj,"* which was defined as indicated
in eqn. (1), in which n,, and n,, represent the number of

N
= Al SDS (1)
Naw/Ty

aminoxyl radical moles in micelles and in water, respectively,
ngps being the number of SDS moles associated in micelles and
n,, the number of water moles in the medium. Note that K,
is directly related to the micelle-water partition coefficient K,,.
As previously reported in the case of SDS micelles in water !
K,~0.03 K,.

The distribution coefficients were thus calculated from the
average coupling constants, {ay), X being either a nitrogen or a
phosphorus. Computer modelling of {ay) variation vs. the con-
centration of SDS monomers associated in micelles was carried
out using eqn. (2), in which ay,, and ay,, are the hfscs for the
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Fig. 1 Modelling of TOBER-53 (ap) variation vs. concentration of
SDS monomers associated in micelles, ([SDS] — cmc). The ap value for
the aminoxyl radical in water (ap,, = 5.452 mT) was obtained by simu-
lating the EPR spectrum at [SDS] = 8 mmol dm 3. The modelling led
to the following parameters: dp,, = 5.305 mT and K =27100.

(ay) =-—Xm Xw2d ©)

aminoxyl radical in water and micelles respectively. As an
example, the {ap) variation observed for TOBER-53 has been
plotted vs. SDS concentration in Fig. 1. In this case, modelling
the (apy decrease led to ap,=5.305 mT and K;=27100 (see
Table 1).

As can be seen from Table 1, K, evaluation was much less
reliable for TEMPO than for compounds 3 and 4. For the
former, the calculation was carried out from ay variations,
while (ap) was used to determine K, for 3 and 4. Thus, the
larger variation observed for (ap) allowed a more precise K
evaluation, and this should be regarded as being an advantage
of B-phosphorylated aminoxyls.

For the three aminoxyl radicals, satisfactory simulations
of the observed EPR spectra could not be achieved using
conventional simulation software, certainly because of modifi-
cations in the line shape induced by the partition equilibrium.
Nevertheless, these average spectra recorded at various SDS
concentrations were satisfactorily simulated by introducing an
exchange between two paramagnetic species (namely aminoxyl
in water and in micelles) using the program elaborated by
Rockenbauer.??> As an example, Fig. 2 shows the TOBER-36
spectrum recorded at [SDS] =12 mmol dm™* and the super-
imposed simulated spectrum. The calculated exchange correl-
ation time, 1.7 x 1077 s, was in the range of well determined
kinetics of a SDS monomer exchanging between the micelle
structure and the bulk environment.®? Moreover, the hfscs in



Fig.2 TOBER-36 experimental EPR spectrum (solid line) recorded in
the presence of 12 mmol dm™ SDS and simulation of this signal
(dotted line) obtained by considering two paramagnetic species in
rapid equilibrium, the minor (16%) being TOBER-36 in water (axy, =
1.502 mT and ap, =3.661 mT), the major (84%) being the same
aminoxyl radical in micelles (ax, = 1.496 mT and ap,,, = 3.527 mT). The
exchange correlation time was evaluated to be 1.7 X 1077 s,

2mT

Fig. 3 TOMER-Pr' EPR spectra recorded at various SDS concentra-
tions: (a) [SDS]=0.004 mol dm3; (b) [SDS]=0.012 mol dm™3; (c)
[SDS] = 0.050 mol dm 3. The two vertical lines indicate the position of
the first low-field peak of TOMER-Pr' in water (dashed line) and of the
first high-field peak of TOMER-Pr' in micelles (dotted line).

micelles, calculated with this program, agreed nicely with the
previous values obtained from eqn. (1).

Finally the EPR spectra of TOMER-Et and TOMER-Pr!
showed the presence of two species each exhibiting a six line
signal in the presence of micelles. The hfscs of the two species
remained unchanged, even at high SDS concentrations. For
both radicals, one of the species always exhibited the same hfscs
as those found for aminoxyl radical in pure water, and was thus
assigned to the aminoxyl in the bulk aqueous phase. Increasing
the SDS concentration resulted in modification of the relative
intensities of the two signals. Thus in the case of 5, aminoxyl
radical in water became the minor compound, while the second
species signal, which appeared from [SDS] =15 mmol dm™3,
grew regularly until [SDS] = 150 mmol dm 3. In the case of 6,
the signal of aminoxyl in water vanished as soon as a 50 mmol
dm™? SDS concentration was reached (see Fig. 3).

This could indicate that this second species corresponded to
the aminoxyl radical in micelles. Moreover, the ay measured for

2mT

(@)

1 l/ (b)

@

Fig. 4 TOMER-Et EPR spectra recorded in presence of micelles
([SDS] = 40 mmol dm™3) at various temperatures: (a) 7 =298 K; (b)
T=318K;(c) T=333K;(d) T=353 K.

5 and 6 second species (see Table 1) were found to be smaller
than for the aminoxyl radical in water, just as in the case of 3
and 4. Nevertheless, in order to corroborate this hypothesis,
TOMER-Et 5 and TOMER-Pr' 6 spectra were recorded
at a given SDS concentration ([SDS]=40 mmol dm™* for
TOMER-Et and [SDS]=15 mmol dm~* for TOMER-Pr'),
and at various temperatures between 298 K and 353 K. The
temperature increase resulted in important modifications in the
spectrum shape, and initial spectra were recovered by cooling
the media back to 298 K, which showed that the phenomenon
observed was perfectly reversible. We verified that these modifi-
cations could not be simply explained by a change of the EPR
parameters with temperature by recording spectra of 5 and 6 at
various temperatures in pure water. The decrease of ap thus
determined by increasing the temperature from 298 K to 363 K
was only 8.71 x 10™*mT K! for 5and 6.71 x 10~* mT K ! for
6, that is to say much too weak to explain the temperature
dependance of the spectra recorded in the presence of micelles.
As an example of the signal modifications observed by varying
the temperature, TOMER-Et spectra recorded at 298 K, 318 K,
333 K and 353 K are given in Fig. 4.

Rockenbauer’s program? was used to simulate all spectra
and gave values of the exchange rate constant k. These values
have been plotted vs. the temperature using a logarithmic
Arrhenius equation, which permitted us to evaluate the
activation energy E, of the exchange phenomenon for both
5 and 6. These calculations led to E, = 37.8 + 1.3 kJ mol™! and
E,=32.4%4.1kJmol ™!, for 5 and 6 respectively, and it is note-
worthy that these results are similar to those previously pub-
lished for di-fert-butylaminoxyl in SDS micelles (E, = 36.4 kJ
mol™).** The signal simulations made also indicated that
a temperature rise resulted in a significant decrease of the
aminoxyl population in micelles, especially in the case of 6,
thereby indicating that the enthalpy of the radical considered
was lower in micelles than in water.

Furthermore, in order to calculate K, for 5 and 6, the ratio of
the population of aminoxyl radical in micelles to that in water
(i.e. npming,) was directly obtained for each SDS concentration
by computer simulations of the various spectra at room tem-
perature. Assuming that the solution density was close to that
of pure water, eqn. (3) was then derived from eqn. (1). A

J. Chem. Soc., Perkin Trans. 2, 1999, 2777-2781 2779



‘ i i T

0.0028 0.0030 0.0032 0.0034
(TIKy !

Fig. 5 Logarithmic Arrhenius plot of exchange rate constant k for

TOMER-Et: activation energy E,=37.8 kJ mol™!, pre-exponential

factor A =5.3 x 10?57,

fam _ 0.018K,([SDS] — CMC) ©)
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linear regression on the plot of n,,/n,, vs. ([SDS] — CMC)
gave the K, values reported in Table 1 for 5 and 6.

Discussion

The K, values determined for the various aminoxyls reported in
Table 1, are in good agreement with their structures. Generally
speaking, the more hydrophobic the compound, the higher is
its affinity for the micellar phase. For example, if we compare
5 and 6, it appears that replacing two ethyl groups by more
hydrophobic isopropyl groups results in increasing K; from
3.1 x10* to 15x 10°. Note also that the aminoxyl radical
affinity for the micellar phase may strongly depend on its
stereochemistry. Thus, K; was found to be nearly three times
higher for 3 than for 4, although these two diastereoisomeric
radicals differ only in the cis or trans position of the phenyl
group on the pyrrolidinyl ring.

It is well known that a solute can penetrate more or less
deeply the hydrophobic core of micelles. In order to determine
the precise location of the phosphorylated aminoxyls in the
micelle, their ay values evaluated in micelles were compared to
those determined in various solvents. In the case of TEMPO 2,
the uncertainty of the ay value determined in micelles was
too great to conclude unambiguously its location in the micelle
structure. However, the small ay variation between water and
micelles could be explained by the aminoxyl being located in the
surface of the micelles, as previously published.?® For the four
phosphorylated compounds, the @y values evaluated in micelles
were halfway between those measured in water and in meth-
anol. In the case of TOMER-Et 5 for example, ay was 1.533
mT in water, 1.445 mT in methanol and 1.490 mT in micelles.
This clearly shows that, whatever the hydrophobicity and the
micelle-water partition coefficient of the compound con-
sidered, its aminoxyl moiety was always located in an environ-
ment more polar than methanol, probably in the surface of the
micelle near the sulfate head groups.

A comparison of ap values determined for compounds 3-6
in micelles (ap,,) to those obtained in various solvents also gave
information about the ring conformations of these compounds.
It appeared that ap was of the same order in micelles and in
heptane for TOBER-53 4 (5.305 mT in micelles and 5.287 mT
in heptane), indicating that the predominant conformers of
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4 could be the same in micelles and in apolar solvents. For the
three other phosphorylated radicals, this phosphorus coupling
was always found to be lower in micelles than in all the most
common solvents. For example, in the case of TOMER-Et 5, a;
was 5.1 mT in heptane, 4.8 mT in water and 4.51 mT in micelles.
It can thus be concluded that the conformational equilibria
were greatly modified when the aminoxyl radical entered the
micelles.

As can be seen from Fig. 3 for example, the line width
observed for the aminoxyl in micelles was only slightly higher
than that of the aminoxyl in water, showing that the radical
motions were not strongly restricted in the micelles, as
previously observed for di-tert-butylaminoxyl.?* However, since
too many parameters, such as the medium viscosity, the
exchange rate or radical and oxygen concentrations, can con-
tribute to the line broadening in our experiments, the computer
program used to simulate the various spectra did not permit us
to determine the rotational correlation time for the radicals
studied.

As previously specified in this text, TOMER-Et and
TOMER-Pr’ EPR spectra recorded in the presence of micelles
clearly exhibited two separated signals, while mean spectra were
always observed with compounds 2-4. This apparent difference
in the behaviour of 5 and 6 is surprising and we first wondered
whether this was the result of a much slower exchange of these
aminoxyl radicals between water and the micelle pseudophase.
However the computer simulations of 5 and 6 spectra did not
give significantly lower values for the exchange rate constant,
which were always in the range of 10°-107 s™, and this first
hypothesis was then rejected. It should be kept in mind that the
EPR signal general shape depends not only on the exchange
rate of the radical between the two phases, but also on the
relative position of each spectrum line of this compound, on the
one hand in micelles and on the other hand in the bulk aqueous
phase. The position of each line toward the EPR signal centre
B, can be calculated using eqn. (4), where ¢ is the hyperfine

B=By+ > amy “4)
i

coupling constant and my; is the nuclear magnetic quantum
number relative to the nucleus i, i being either a nitrogen or a
phosphorus. In the case of TOMER-Et for example, the signal
recorded can be considered as a superposition of two spectra,
both having roughly the same g factor. Thus using eqn. (4) and
the values listed in Table 1 to calculate the gap between the EPR
lines, it appears that the clearer splitting of the two spectra can
be seen either on the first low field lines or on the first high field
lines, which are separated by 0.332 mT. This line splitting is
much less obvious on the second low field or high field lines,
which are separated by 0.289 mT only, and this phenomenon is
hardly seen on the other lines, for which the calculated splitting
became 0.246 mT only. The same analysis can be made for
the TOMER-Pr' spectrum. If we now consider compounds 3
and 4, we can observe that the gap between the EPR lines of the
aminoxyl in water and in micelles is always lower than 0.2 mT,
which explains why mean lines were always observed for these
compounds. As for TEMPO 2, it should be mentioned that
mean spectra were always observed, since the gap calculated
between the EPR lines was never higher than 0.04 mT. Because
of this weak gap, the simulation program used did not yield a
reliable value for the exchange rate constant. Thus, the method
employed in this study did not permit us either to confirm or
to validate the results previously published? concerning the
behaviour of TEMPO in the presence of micelles (i.e. a slow
exchange of TEMPO between water and micelles, with an
exchange rate constant in the range 10*-10° s'). However,
we can reasonably assume that the exchange kinetics are not
very different for TEMPO than for the other aminoxyls. Note
also that the uncertainty about the parameters determined by
computer simulation of EPR spectra was weak in the case



of compounds 3-6, just because of the presence of a strong
coupling with the phosphorus.

Molecular mechanics calculations performed on compounds
3-6 have shown that both 5 and 6 exist as an equilibrium
between many conformers, for which ap can be very different,
while only one predominant conformer is populated for both
TOBER-36 and TOBER-53, just because of the presence of a
phenyl group on the ring.6 Thus the major conformers of
TOBER-36 and TOBER-53 in micelles and in water could be
only slightly different. On the contrary, the pyrrolidinyl ring is
much more floppy in the case of compounds 5 and 6, which
results in the larger difference between ap,, and ap,, observed for
5 and 6.

Conclusion

The present study allowed us to determine both aqueous and
micellar hfscs of stable aminoxyl free radicals. In addition,
the method described permitted us to evaluate the partition
coefficients of stable aminoxyl radicals between water and
micelles and to confirm that the aminoxyl affinity for the micel-
lar pseudophase was higher when the compound considered
was more lipophilic. Except in the case of the strongly hydro-
philic 3-CP, all the aminoxyl radicals studied were found to
exchange between water and micelles. Thus, considering the
micelles as an extremely simplified biomembrane model,
aminoxyls 2-6 could be expected to be able to enter the cells.
However, this is to be confirmed either by using these com-
pounds in biological media, or by studying their behaviour in
the presence of more reliable biomembrane models, such as
liposomes. As already mentioned in this text, K, evaluation was
less accurate for TEMPO than for 3-6. It is obvious that the
existence of a strong coupling with the phosphorus allowed a
better evaluation not only for K, but also for all the other
parameters obtained by simulating EPR spectra, in particular
when the aminoxyl pyrrolidinyl ring is not locked by the phenyl
group. This emphasises the key role of the phosphorylated
group of compounds 3-6 as an efficient probe of the aminoxyl
radical environment, and should be regarded as a major
advantage of B-phosphorylated aminoxyl radicals.

Experimental

Aminoxyls 1, 2 and SDS have been purchased from Sigma
Chemical Co. and used without further purification. Com-
pounds 3-6 were synthesised and purified in our laboratory as
previously described.™

Various SDS concentrations (0 to 150 mmol dm™3) were
added to a 107* mol dm™* aqueous solution of stable aminoxyl
radicals for EPR experiments. EPR spectra were recorded at
293 K using a computer-controlled Bruker EMX spectrometer
operating at the X-band with 100 kHz modulation frequency,
and equipped with an NMR gaussmeter for magnetic field
calibration. The following conditions were used: microwave
power 10 mW; modulation amplitude 0.1 mT; receiver gain
1.6 x 10%; scan time from 82 s to 328 s; time constant from
0.64 s to 2.56 s. Temperature studies were achieved on EPR
sealed tubes with the aid of a Bruker Eurotherm B-VT 2000
variable temperature unit using a N, stream cooling system.

EPR simulations were performed using two programs.
The first was a standard simulation software elaborated by
Dulling.”” The second was elaborated by A. Rockenbauer,? and
permitted simulation of exchanging species spectra.
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