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Experiments were performed to elucidate the origin of the superhyperfine structure and line width alternation
(LWA) seen in the ESR spectrum of the major diastereoisot)ef ODEPMPO-OOH, the remarkably persistent
superoxide adduct of 5-(diethoxyphosphoryl)-5-methyl-1-pyrroliexide (DEPMPO). Using selectively
deuterated DEPMPO derivatives, we demonstrated that the superhyperfine pattern can be unambiguously
attributed to long-range couplings. The recording in pyridine of highly resolved spectra in a wide temperature
range, combined with two-dimensional simulation, allowed us to characterize an inverted LWArid
revealed a uniform line broadening in the spectrum of the minor DEPMPO-OOH diastereoigynveith(

both effects originating from a chemical exchange between conformers. When the individual spdctra of
presenting LWA in the fast-exchange regime were simulated, four equally good fits were obtained and this
ambiguity could be resolved by using a two-dimensional simulation technique. The thermodynamic and kinetic
constants of this exchange were consistent with a rotation around -#@ liwnd. We propose that line
broadening effects it and2 result from this G-O rotation concerted with the pseudo-rotation of the pyrrolidine
ring.

1. Introduction lines with hfcs consistent with nitrogefi;hydrogen, and one
long-range hydrogen. However, the DMPO-OOH spectrum

spectra bears crucial information about molecular dynamics. €20t be simulated as a unique species because of its
This phenomenon has been extensively studied in the case ofSYMMetry, the origin of which has been a matter of debdte.
nitroxides probes or spin labels, having outstanding applications The main difficulty in correctly modeling the ESR line shapes
in the evaluation of motional parameters of biological systems. ©f PMPO-OOH results from its intramolecular decay pattern
The origin of line broadening occurs along with certain dynamic forming the more persistent 2,2-dimethyl-5-hydroxy-1-pyrro-
phenomena such as molecular reorientational tumbling partially idinyloxyl (DMPO-OH), the DMPO adduct of hydroxyl radical
averaging the anisotropy of thg and A tensors, or the (HO'),vthse quartet spectrum superlmposegto that ofI_DMPO-
intramolecular conversion between conformations. This latter OOH within seconds at room temperatéiespite a technique
situation, termed as chemical exchange, results in line width to produce DMPO-OOH virtually devoid of any contamination
alternation (LWA) in the hyperfine pattern, provided at least With DMPO-OH having been reportédhe resulting DMPO-
two nuclei have rather different hyperfine coupling constants OOH signals nevertheless retain asymmetry, which therefore
(hfcs) in the interconverting species. Such unusual shape of theappears to be intrinsic to the nitroxide. At room temperature,
ESR spectra is generally an unwanted feature in spin trapping,this line asymmetry may be imitated considering either the
where nitroxide spin adducts are intended to unequivocally existence of two superimposed signals from different spgties
provide structural and quantitative information on the primary or a slow intramolecular chemical excharfg€put only in the
radical species formed. Very typical of this situation are the latter case was a hfcs of about 0.12 mT from one hydrogen
hydroperoxyl radical adducts of five-membered ring nitrones atom of C-3 introduced in the calculation. Using DMPO
such as 5,5-dimethyl-1-pyrroliné-oxide (DMPO, Scheme 1A),  derivatives either fully deuterated &d-substituted at C-2 and
in particular, 2,2-dimethyl-5-hydroperoxy-1-pyrrolidinyloxyl —C-3 (DMPO-d, Scheme 1A), Pou et &k first obtained direct
(DMPO-OO0OH, Scheme 1A), the protonated DMPO adduct of evidence for the contribution of one Cy3hydrogen coupling
superoxide (@7). The X-band ESR signal of DMPO-OOH was  to the spectrum pattern of DMPO-OOQOH. This was definitively
first reported more than 30 years agbeing composed of 12 confirmed in our laboratory, because DMPO selectively deu-
terated at C-3 (DMPO-gl Scheme 1A) yields a symmetrical
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SCHEME 1: Structures of Nitrones and Related Spin Adducts
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OOH that causes spectral asymmetwith no LWA. As structure of DEPMPO-OOH was best simulated assuming two
additional support for the hypothesis of interconverting con- conformers forl having y-couplings in the range 0.69.05
formers, a temperature-dependence of the DMPO-OOH spectraimT. An alternative model was recently proposed in which this
asymmetry was recently reportéd. superhyperfine structure was attributed to fhrepoxy ring-
In our search for spin traps yielding,O adducts more containing nitroxide3, considered as a decomposition product
persistent than DMPO-OOH, wé?followed by others? have of 1 (Scheme 1BE§.
developed a new family of pyrrolin-oxides bearing at least In this paper, we used selective deuterium labeling of
one 3P-containing substituent at C-5, the most popular com- DEPMPO and @~ spin trapping as a model of DEPMPOs-
pound in biological studies still being 5-(diethoxyphosphoryl)- OOR adducts to assess the participation in the ESR signal of a
5-methyl-1-pyrrolineN-oxide (DEPMPO, Scheme 1B). Many nitroxide bearing only one-hydrogen at C-3, such as &
of the DEPMPO-type nitrones (DEPMPOs) reported to date We then carried out experimental conditions allowing to record
meet the stability criterion stated above, the half-life of the O high-resolution spectra of mixtures df and 2 in a wide
adducts being-820 times larger than that of DMPO-OCF!>13 temperature range, and a two-dimensional simulation proce-
Meanwhile, two main difficulties are encountered in the spectral dure8to investigate the existence of chemical exchange for both
simulation of DEPMPOs-OOR adducts (RH or alkyl). diastereoisomers and extract their thermodynamic parameters.
First, regardless of their mechanism of formation, they are
often obtained as mixtures of cis_/trans Qiastereqi_somers as & Experimental Section
consequence of nonstereoselective radical addition on both
diastereotopic faces of the parent nitrones. Scheme 1B depicts Pyridine from Acros Organics was freshly distilled and stored
the situation for 2-diethoxyphosphoryl-2-methyl-5-hydroperoxy- over potassium hydroxide. Other solvents, starting materials,
1-pyrrolidinyloxyl (DEPMPO-OOH), the &~ adduct of DEP- and reagents were of laboratory reagent grade from Acros
MPO. We assigned the major diastereoisoméraios DEPMPO- Organics or Sigma-Aldrich. Water was produced with an Elga
OOH (1), because the enantiomeric excess found in DEPMPOs- Purelab Option deionizer. DEPMPO and its pentadeutdyo (
OOR (R= H or alkyl) seems to depend upon steric hindrance or selectively C-3 deuterate®)(analogues (Scheme 1) were
around the nitrone functiol;1>13e.g., using a standard,O prepared and purified by published procedufe$. Isotopic
generator at room temperatucis-DEPMPO-OOH 2) typically purity was estimated-95% by!H NMR. ESR measurements
accounts for only 7% in the mixtufé.According to computa- were carried out in either a cylindrical tube or a standard aqueous
tions by Villamena et al., however, a hydrogen bond specific flat cell using a Bruker ESP 300 X-band spectrometer equipped
to 2 can invert the formation probabilities, making this diaster- with a ER 4111 VT, calibratecdd{2 °C) variable temperature
eoisomer the preferential adddeét. unit, a ER 053M gaussmeter, a Hewlett-Packard 5350B
Second, in addition to spectral asymmetry similar to that of frequency counter, a TM110 cavity, and a 100-kHz field
DMPO-OOH, the majotransDEPMPOs-OOR signals exhibit ~ modulation. Samples set at a given temperature are allowed to
a spectacular LWA and, if adequate acquisition settings are usedstabilize for at least 2 min prior to ESR acquisition. Sample
superhyperfine resolution of the sharpest lihés!2¢9.13a solutions in aqueous KO, buffer (0.16 M; pH 7.0) contained
Because it could not be explained by any proton exchange 0.9 mM diethylenetriaminepentaacetic acid (DTPA), 10% v/v
mechanisi and it was not observed in DEPMPOs-OR dimethyl sulfoxide (DMSO), 0.01 M 18-crown-6 ether (1,4,7,-
adduct§?d.13a.b.16gn explanatiol for LWA in the majortrans- 10,13,16-hexaoxacyclooctadecane), 0.05 M nitrone, and 0.01
DEPMPOs-OOH and DEPMPOs-OOR ESR signals involved M potassium superoxide (Kas the @~ generator and were
intramolecular conformational changes within the pyrrolidine bubbled with nitrogen gas for 45 s prior to spectral acquisition.
ring associated with restricted rotation of the peroxyl bbhd. Sample solutions in anhydrous pyridine contained DEPMPO
In the case ofl in aqueous medium, the best simulations of (0.1 M) and 0.32 M of hydrogen peroxide {8,) from a 30%
highly resolved spectra were consistent with two individual aqueous solution and were bubbled with air for 3 min and then
conformers having significant differences in thgiH and3P deoxygenated by freeze/thaw cycles before heating. ESR spectra
hfcs of 0.36 mT and 0.63 mT, respectively, thus being at the were sequentially simulated using a previously described
origin of LWA.* In this study* the observed superhyperfine program?’
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Figure 1. ESR spectra of @ adducts of DEPMPO and its deutero
analoguest and5 at 295 K in phosphate buffer. (Left) Experimental
spectra showing contributions from the minor o#),(HO® (O), and
alkyl (O) adducts. (Right) Experimental and calculated spectra of the
selected region.

3. Results and Discussion

(a) Definitive Assignment of the Superhyperfine Structure
of DEPMPO-OOH Using Selective DeuterationA phosphate
buffer reaction of DEPMPO with K@at room temperature

Rockenbauer et al.

produced DEPMPO-OOH that, under low modulation amplitude
conditions (i.e., 0.01 mT), yielded the well-known highly
resolved ESR spectrum shown in Figure 1a. In this spectrum,
the two inner lines in the superhyperfine structure pattern of
the major nitroxide clearly consisted of nine lines with a
maximal hfcs<0.1 mT, which indicates long-range couplings.
However, because of the presence of seydrydrogen atoms

in DEPMPO-OOH (Scheme 1), the extent of their contribution
to these nine lines is not straightforward. Whe(b-diethoxy-
phosphoryl-5-GHz]methyl)-[3,32H,]-1-pyrroline N-oxide) was
used instead of DEPMPO, the superhyperfine structure of the
correspondingl-OOH adduct was reduced to a triplet (Figure
1b) showing that botly-hydrogen atoms at C-3 are nonequiva-
lently coupling. This dramatic decrease in the number of
parameters to compute facilitated the simulation of the spectrum
of Figure 1b and the best fit was obtained assuming (i) the
superimposition of the cis and trans diastereocisome4s@®H
(proportions 1:13) with little contamination with 8%0H (the

HO* spin adduct of4), and (ii) the existence of a two-site
chemical exchange for the major component-@®OH (likely
trans-4-OOH), which produces the LWA seen in the spectrum.
The simulated ESR parameters of the spectrum of Figure 1b
and the relaxation parameters (see eq 1) for the two T1 and T2
sites oftrans-4-OOH are reported in Table 1, showing that the
magnitude of one/-coupling at C-3 should be at the higher
limit of what is expected from the superhyperfine pattern seen
in DEPMPO-OOH, i.e., 0.09 mT. In strong support, whefiO
was spin-trapped by (5-diethoxyphosphoryl-5-methyl-[3,3-
2H,]-1-pyrroline N-oxide) LWA was still seen in the ESR
spectrum of the main component®OO0H (presumablyrans
5-O0H), but in this case, the superhyperfine structure of the
sharpest lines was barely visible (Figure 1c) as a consequence
of significant line broadening brought by deuterium substitution
at C-3. Considering the structural information extracted from
the superhyperfine patterns4rOOH and5-OOH spectra, which

is that the two hydrogen atoms of C-3 are necessarily coupling,
a realistic simulation of LWA irl could be performed assuming

it arises from a unique radical species subjected to an intramo-
lecular chemical exchange between T1 and T2 sites (Table 1),
a hypothesis we put forward earli&!4 In the spectrum of
4-0O0tBu, we have observé&tia triplet pattern similar to that

of Figure 2b. Contrary to a recent propo%ake therefore
demonstrate th&type nitroxide bearing only one C-3 hydrogen
atom does not participate in the ESR signal of DEPMPO-OOH,
and likely in other DEPMPOs-OOR peroxyl adducts. However
some decay of these adducts into secondary aminoxyls may

TABLE 1: Simulated ESR Parameters (upper part) and Relaxation Parameters and Exchange Times (lower part) for

Superoxide Spin Adducts in Phosphate Buffer at 295 K

a1, (MT)
nitroxide? species % conformer  an(mT) ap(mT) app (MT) 3-C 4-C 5-C
1 92 T1 (61.6%) 1.298 5.306 1.262 0.090 (1H)/0.060 (1H) 0.044 (2H) 0.037 (3H)
T2 (38.4%) 1.310 4.503 0.828 0.090 (1H)/0.060 (1H) 0.044 (2H) 0.037 (3H)
2 8 1.337 4.014 0.988 0.146 (1H)
trans-4-OOH 91 T1 (61.8%) 1.290 5.314 1.262 0.090 (1H)/0.061 (1H) 0.0073 (2D) 0.0063 (3D)
T2 (38.2%) 1.329 4.506 0.828 0.090 (1H)/0.061 (1H) 0.0073 (2D) 0.0063 (3D)
cis-4-OOH 9 1.332 4.023 0.981 0.143 (1H)
trans5-O0OH 90 T1(61.7%) 1.287 5.339 1.261 0.014 (1D)/0.010 (1D) 0.046 (2H) 0.035 (3H)
T2 (38.3%) 1.316 4.459 0.846 0.014 (1D)/0.010 (1D) 0.046 (2H) 0.035 (3H)
cis-5-O0OH 10 1.333 4.080 1.014 0.024 (D)
nitroxide 719 (ns) 72 (ns) o (uT) B (uT) y (uT) B (uT) y' (uT)
1 7.74 4.83 16.7 —4.1 4.1 —2.4 6.0
trans4-OOH 8.17 5.05 16.4 —-4.3 4.7 —-3.6 8.5
trans5-OOH 8.56 5.31 16.0 -1.0 6.8 -1.0 0.0

a Number of equivalent nuclei is given in parenthe$es trans DEPMPO-OOHZ, cis DEPMPO-OOH# and5, deuterated DEPMPO derivatives,

see structure in Scheme ®INonresolved? See egs 1 and 2.
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SCHEME 2: Exchange Shifts in the Two-Site Model for
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(a) Symmetry-related spins: normal LWA is caused by the constant

) sum of the couplings. (b) Nonequivalent spins: inverted LWA is caused
by the constant difference of the couplings. (c) Nonequivalent spins:
uniform broadening occurs when only one coupling is changing.

(9) populations for T1 and T2 When chemical exchange occurs
in radicals bearing two mirror symmetric protéhsor 3P
LI nuclei?3 only the two inner lines of the ESR quartet structure

show alterations of their line widths, whereas the outer lines
Figure 2. (a) Low-field half ESR spectrum obtained by mixing 30% remain unaffected because the molecular interconversion takes
Hz0, with 0.1 M DEPMPO in pyridine at 366 K; (b) simulation of  yjace petween two symmetry-related sites giving a constant sum
(a); (c) after mathematical subtraction from (a) of reconstructed of the two coupling constants. This type of LWA can be termed

experimental signals of DEPMPO-R (R alkyl) and DEPMPO-OH. h ith f th i h
(d—g) Calculated signal components of (b) at their actual relative @S @n exchange with constant sum of the couplings (Scheme

concentrations: (d) DEPMPO-R; (e) DEPMPO-OH; (fins-DEP- 2a). The situation is opposite for any reported DEPMPOs-OOH
MPO-OOH; (g)cis DEPMPO-OOH. The arrow indicates the position adducts1912-1417in which the low- and high-field lines are
of the center of the spectra. broad and the inner lines in the quartets (i.e., ¥ doublet

. . . split by the H doublet) of the nitrogen triplets show superhy-
occur. A recognlged unimolecular decqmposmon pathway for perfine splittings (see Figure 1). This type of LWA can be
DEPMPO-OOH involves release of nitric oxifeWe have termed as an inverted LWA caused by the parallel change of
recently shown that its interaction with the nitrone yields the coupling constants, i.e., for one of the sifesandAy couplings
HOadduct (DEPMPO-OH) by a mechanism not involving & 4re |arge, whereas for the other site both couplings are small
step where HOis actually trapped: This can explain why  4n4 the differences of the couplings for the two nuclei are close
DEPMPO-OH is often detected as a byproduct during DEP- (scheme 2b). Consequently, the exchange shift caused by the
MPO-OOH formatiori:#2* ) molecular interconversion is large for the oufdp = My

(b) Different Forms of LWA. We have previously modeled  transitions and small for the innbts = —My, lines and therefore
the LWA in DEPMPO-OOH using the extended Bloch equa- thjs inverted LWA can be termed as the exchange with constant
tions’? and the relaxation dependence of the line widtt? difference of the couplings. Furthermore, significant LWA can

5 be expected only if at least two nuclei have rather different

W(My, Mp) = o + My + yM" + 'Mp + y'MMp - (1) couplings in the exchanging sites. The conformational inter-

change also occurs for DMPO-OOH, but as in this case, only
where My and Mp are the magnetic quantum numbers of theg-H coupling is changing significantly, no LWA but only a
nitrogen and phosphorus nuclei, respectively, arg’ are the  uniform broadening for all the lines occurs (Scheme 2c), which
relaxation coefficients (see Table 1). Under conditions in which cannot be distinguished from the usual relaxation mechahism.

LWA is caused by a fast interconversion (i.e;! > dw) This broadening is indeed present, as evidenced by the lack of
between two sites (e.g., conformers), the line broadedWWy  well-resolved superhyperfine structure in the spectrum of
is expressed by DMPO-OOH.
(c) LWA Analysis of DEPMPO-OOH Spectrum: Unex-
OW = p,p,0w’t 2 pected Ambiguities in the Fast Exchange Modelln the fast

exchange limit, computer simulation of the LWA in DEPMPO-
wheredw is the frequency difference of the resonances for the OOH vyielded similar fits for other sets of hfcs than those
two sites is the exchange time, amd andp; are the respective  reported in Table 1. If only thg-H and3!P couplings differ in
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the T1 and T2 sites while thg factor, Ay, and they-hfcs are TABLE 2: Calculated hfcs (in mT), Populations, and
considered constant and if differences in the relaxation contribu- _I?xch%ng? Paramet?rls Dezrév(;n}% _frogw Egs 4 aBn(;f 7 for the
tions for the hyperfine lines are neglected, then the line positions 1 W0 Conformers? of 1 at In Aqueous Butter

of the (3-H/3'P) quartet are determined by the average couplings  param Lp LH SP SH
<A> = p;A; + p2As, whereas terms in the form @fpa(A; — Ap1 5.306 5.208 4.764 4.834
Ao)?r appear in the exchange broadening contribution, where A2 4.503 4.770 5.407 5.234
) . . A1 1.262 1.516 0.961 0.827
A1 — A is proportional to thedw used in eq 2. Because both Ao 0828 0633 1343 1474
above expressions are symmetric under interchangirend P1 0.616 0.527 0.617 0576
p2, two solutions are obtained that can equally describe the line  p2 0.384 0.473 0.383 0.424
positions and the exchange broadenings for all lines. The two 72 223 I > e 52

solutions should infer that bothA> and the differencé\A = r 0.9957 0.9956 0.9945 0.9956

A1 — Ag should be the same alndex “1” refers to the major conformetSee text for the

<A> — plAll + pZAIZ — pzA”l + pl'Au2 (Sa) def|n|t|0ns
AA=A, — A, =A", — A", (3b) l

where the indice$ and "indicate the two possible solutions. 3s5k
Equations 3a and 3b are fulfilled if

A' = A+ (p, — PHAA (4a)
A’y = A, 1 (P~ PJAA (4b)

Equation 4 show that, in the fast exchange limit, it is not possible

to determine which of the sites having either ladgeand Ay

or smallAp andAy has the largest population. In the following,

these two possibilities will be termed L and S, respectively.
There is a further ambiguity, however, because of the

quadratic nature of line broadening expression. In DEPMPOs-

OOH, the width of the broad and narrow lines can be given as )

296 K

70 K
— 2
Wbroad_ plpzf(AAP + AAH) (Sa)
— 2
Wnarrow_ plpZT(AAP - AAH) (5b)
respectively. If we definé\Ap and AAy as positive quantities,
then
244 K
Wbroad
AAC+AA = [ —— (6a)
et AT A Dpa Ll
but AAp — AA, could be either positive or negative Figure 3. Temperature dependence of the DEPMPO-OOH signal in
pyridine. The DEPMPO-R and DEPMPO-OH components were
Wharrow mathematically subtracted from the total signal. The arrow indicates
AA— AA =+ Yyl (6b) the position of the center of the spectra.
1M2

Consequently, two couples of independent solutions exist, e.g.carried out a full parameter optimization for the other three cases
that yielded sets of hfcs and exchange parameters (Table 2),

vV Whroad T vV Wharrow providing as good fits as for the first simulation (with the same
AA, = (7a) correlation coefficients? + 0.001, see Table 2).
2y/pypot (d) Analysis of the DEPMPO-OOH Spectra in Pyridine:
A —JW A Thermodynamic Study of the Exchange Process by Using
A~ = broad daliig (7b) Two-Dimensional Simulation.Because the above four equiva-
2\/piP,T lent solutions only exist under fast exchange conditions, it is

or the expressions of eq 7 whekédp andAA, are interchanged.  expected that only one of them will dominate in the case of
This second ambiguity expresses the fact that there is no wayslow exchange. At low temperatures, where this situation could
to determine which difference of the couplin®e or AAy is be achieved, relaxation-induced line broadening will prevent
the largest, leading to two possibilities termed P or H, the detection of individual lines for both sites. However,
respectively. Taken together, there are thus four equivalentreaching a lower-temperature domain in which the exchange
solutions describing the LWA in DEPMPOs-OOH, i.e., LP, LH, rate will be significantly decreased would help in discriminating
SP, and SH. By using eq 4 and 7 we determined the other threethe best solution. To extract the characteristic thermodynamic
sets of Ap and Ay values if one of the solutions has already parameters of the exchange phenomenon, one has to use a
been obtained by iteration of the adjustable parameters. Thesesolvent that allows us to record the ESR spectra of DEPMPO-
solutions could be only a first approximation, becadgeand OOH in a wide temperature range. This cannot be achieved in
the g factor could also be different in the two sites despite the aqueous solution using an enzymatig¢ Qyenerator (see Figure
fact that they are much less sensitive to the change in geometry3 in ref 6), and therefore, we generated DEPMPO-OOH by
and the relaxation affects the lines in the hyperfine patterns nucleophilic addition of HO, in pyridine?* for which the
differently. In the case of the signal @f(Figure 1a), we thus  viscosity is low and the difference between freezing and boiling
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points is large enough. Figure 2a shows the low-field part of TABLE 3: Thermodynamic Parameters of the Equilibrium
the spectrum recorded at 366 K in pyridine which was simulated between T1 and T2 Conformers of DEPMPO-OOH
(Figure 2b) assuming four components, i.e., the expetted Diastereoisomers in Pyridiné

(49.0%) and2 (21.2%), and the two additional adducts DEP- 1 2
MPO-OH (Ay = 1.347 mT;Ap = 4.688 mT;Ays = 1.058 mT; b (kI/mol) Z0.68 249
g = 2.00570; 20.4%) and an alkyl adduct DEPMPOM&R, €& A (I/mol.K) 3.79 —-3.35
1.386 mT;Ap = 4.787 mT;Aqs = 1.782 mT,g = 2.00540; AGr (kJ/mol) —-1.81 —1.49
9.4%). Unambiguous assignment of DEPMPO-OH has been Ea(idlmol) 2111 24.96
performed by recording an authentic spectrunmfra 1 mM 2; ((35#30}2) 1?-4536 Zg-gg
+- . - H . - . - .
Fe#t-driven Fenton reaction on 0.1 M DEPMPO in 98.5% AG* (KJ/mol) 2205 24.95

pyridine using 1 mM HO,, the hfcs of which at 296 KAy =
1.331 mT;Ap = 4.770 mT;Aqp = 1.015 mT) closely matched aAH, AS, andAG_ (given at 298 K) were derived from the Eyr@ng
that calculated in the nucleophilic addition experiments at the 0" Van tHoff equations, and, was calculated from the Arrhenius
same temperature (data not shown). Figure 2d-g display the€duation.

individual components of Figure 2b, revealing for the first time i ) . )

the superhyperfine structure 8fexcept for the easily visible ~ 9réat amount of information provided by 15 spectra acquired
y-doublet caused by the large spliting of one of the hydrogen above 273 K and_ containing more than 100 weII-reso_Ived I|ne_s.
atoms of C-3 (Figure 2 g). The simplicity of the DEPMPO-R We used a combln.atllon of iteration procedures desqubed earlier
and DEPMPO-OH spectral patterns (plots d and e in Figure 2, to determine the minimum of the least-square deviation between

respectively) allowed us to use a reliable mathematical procedure®XPerimental and calculated spectra‘éethe critical part of
to obtain the pure experimental signal bi 2 (Figure 2c), nonlinear parameter adjustment was the preliminary choice of

which was introduced in the subsequent two-dimensional @0 @ppropriate starting parameter set among the four possible
simulation procedure. In this model, the line shape is described SOlutions yielded by one-dimensional calculations in the case
by the solution of extended Bloch equatihand the temper- of fast exchange (Table 2). These solutions were discriminated
ature dependence of the exchange parameters is determined frofdy the initial Cho'CengO a_”dQl for the crucial couplingse

the thermodynamic equatiof&This requires a smaller number ~ @NdAw, whereasQ, = Qs = 0 was assumed (see eq 8). The
of adjustable parameters compared to the classical procedurd€St overall fits were obtained using the LP model. Whereas
in which all individual site populations and the exchange times Strong LWA was still observed fdk at 366 K (Figure 2f), the
should be determined from the ESR spectra at each temperatureSPECIrum o was always symmetric (see Figure 2 g). At high
and the thermodynamic or kinetic data are obtained by the {€mperatures, the recording of intense and resolved spectra for
respective Arrhenius fit. We recorded a series of intense and 2 therefore allowed us to show that it is also subjected to a
resolved spectra in the range 24366 K, typical examples of conformational exchange, yielding a uniform broadening of the
which are shown in Figure 3 where the secondary signals were ESR lines as depicted in Scheme 2c, a phenomenon that could
computer-eliminated as described above. In the two-dimensionalot beé observed at room temperature (see Figure 1a and Table

analysis of these set of signals, we took into account that eachl)- The p = 2:1 concentration ratio presented a large and

ESR parameter will have an intrinsic temperature dependence
the variation being generally small for tlgefactors and long-
range hfcs, intermediate for the lariye3'P, ands-H hfcs, and

reversible change with temperature: although it was nearly zero

‘below 273 K, it reached 0.17 at room temperature and an

exceptionally large value of 0.4 at 366 K. Cooling down to room

rather large for the relaxation parameters. We assume, howeverl€mperature a sample having = 0.4 restored the same

that for all parameters, the temperature dependence is smootl

r’giastereoisomer ratio that was observed before heating of the

enough to be described by a power expansion containing noSa@mple (e.gp = 0.19, data not shown) suggesting that the rate

more than foulQ terms

n<3
Q=3 Q-Ty) ®)

=
In the computation, we chos& = 273 K and adjusted
parameters wene = 2 for theg factors and the small hfcs (i.e.,
y-splittings), andh = 3 or 4 for the relaxation parameters and
the other hfcs. The values (derived from the Arrhenius or
Eyring egs 9 and 10, respectively) and relative populations
(calculated from the Van t'Hoff eq 11) were not adjusted for
the individual spectra; instead the thermodynamic and kinetic
parameters were adjusted to obtain the best overall fit for the
whole spectrum series.

1l B
K—T—Ae RT 9)
kBT AS AH#
K=——eTR e€e—RrT (20)
A AH
_P_ A% _ ARy (11)
P, R RT

In the two-dimensional curve fitting procedure, 118 nonlinear

of nucleophilic addition plays a dominant role rather than the
difference in decay rates.

Table 3 shows the thermodynamical data afforded by two-
dimensional analysis. The two interconversion barriers between
T1 and T2 are in agreement with that calculated by density
functional theory studies for the rotation around the@bond
in various molecules, including 4,.2°> On the basis of
spectroscopic studies, a well-accepted m&#et26 to explain
the high potential barrier hindering the torsional oscillation
around the GO bond in peroxides (e.g., about 17 kJ/mol in
H,0,%%9 involves a combination of the electrostatic repulsion
between the oxygen lone pairs, their hyperconjugation with the
adjacent antibonding* bonds, and steric effects, all interactions
globally favoring two gauche conformers rather than a planar
geometry. We can reasonably argue that the phenomenon
causing LWA in the spectrum df has at least this rotational
component’ 23 Although it looks plausible that the rotation
around the G-O bond may be solely responsible for the LWA
seen in the DEPMPOs-OOH and DEPMPOs-OOR spectra (e.g.,
it was also reported for the MeOG@nd tBuOO adduct?b-d.ey,
other rotational motions could contribute at a lower extent. The
two pseudo-rotational conformers flasubstituted pyrrolidiny-
loxyls have geometries close 04 and*T3 in the [E3—*E] and

parameters were iterated (10 thermodynamic and 108 ESR[3E—E,4] domains, with a low interconversion barrier of about

coefficients). In spite of the large number of nonlinear param-

10 kJ/mol precluding any observation of a chemical exchange

eters, the least-square fit presented a good stability due to theby ESR%’ The involvement of hindered rotation around the
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TABLE 4: Calculated hfcs (in mT),2 Relaxation Parameters
(in uT), Populations, and Exchange Times (in ns) of
DEPMPO-OOH Diastereoisomers at 296 K in Pyridine

1 2
conformers

Tl T2 Tl T2
An 1.206 1.250 1.257 1.270
Ap 5.200 4.488 3.557 4.269
Avp 1.266 0.605 0.907 0.883
Ave 0.045 0.045 0.040 0.040
Auy(3-CP 0.096 0.096 0.157 0.157
Ay(3-C) 0.056 0.056 0.005 0.005°
A, (4-C) 0.046 0.046 0.045 0.045
Awy(4-C) 0.035 0.035 0.028 0.028
o 24.7 24.7 19.0 19.0
B —-3.6 —-3.6 -3.1 -3.1
y' 3.1 3.1 2.6 2.6
B -1.9 -1.9 0.4 0.4
Y 4.7 4.7 0.9 0.9
p (%) 67.4 32.6 64.8 35.2
T 2.40 1.16 4.41 2.40
g 2.00707 2.00693 2.00715 2.00695

aError estimates fot (2) are as follows: hfcs, 0.1 (0.2) m@;values,
5 x 1075 (1074. P y-Couplings and relaxation parameters were taken
to be identical for the two conformersEstimated.

Rockenbauer et al.

B-hydrogen couplings in the T1 conformerb$how a distortion

of the ground®T, twist geometry of the pyrrolidine ring toward
an intermediate<3E—E,> situation, while lower values for these
constants in the T2 conformer reveal 3&-like distorted
geometry (Scheme 3). The similar and Ighydrogen cou-
plings and the rather lowe values in the two conformers @f
indicate that it is the OOH group that retains an axial position,
minimizing steric interactions. Thus in the case &f
<3E—E,> and3E-like distorted geometries seem reasonable for
T1 and T2, respectively (Scheme 3).

There is increasing interest in intramolecular stabilizing
effects in DEPMPO adducts such as DEPMPO-0G®&hd
DEPMPO-OH. We recently brought experimental evidence of
an increased stability afis- versusransDEPMPO-OH, which
was predicte® to rely on significant internal H bonding between
the hydroxyl and the phosphoryl groups in ttis diastereo-
isomer. Interestingly, density functional theory calculatfaiis
postulated two major ©0 rotamers for DMPO-OOH charac-
terized by the different orientation of the hydroperoxyl hydrogen,
directed either toward or opposite relative to the nitroxyl
function. Because an intramolecular H bond has been pro-
posed28to explain the enhanced stability of the former DMPO-
OOH rotamer, we speculate by analogy that a similar stabili-
zation occurs between the T1 and T2 O rotamers ofl and

C-2-0 bond as a cause of exchange in DEPMPOs-OOR can2, as depicted in Scheme 3.

also be excluded, because neither the hydroxyl nor alkoxyl

adducts of DEPMPOs present temperature-dependent LWA every. conclusions

under conditions allowing the recording of superhyperfine
structure (e.g., in DEPMPO-O# and DEPMPO-OM¥).

Specific deuteration of DEPMPO allowed the complete

Indeed, density functional theory calculations predicted a barrier characterization in aqueous solution of long-range couplings in

close to 40 kJ/mol for the rotation around the €Q bond in
DMPO-OO0H?28 rendering this kind of motion slow in the ESR
time scale.

Table 4 reports the ESR parameters foand 2 at 296 K

optimized by the two-dimensional analysis. The trans config-

uration in1, which allows the phosphoryl and OOH groups to

DEPMPO-OOH. The two-dimensional analysis of the temper-
ature-dependent spectra led to the determination of the ther-
modynamic and kinetic parameters of the conformational
exchange showing (i) that the simultaneous variatiors-@nd

Ay couplings generate a marked LWAtiansDEPMPO-OOH,

and (ii) that incisDEPMPO-OOH, uniform line broadening

occupy preferential pseudoaxial orientations, stabilizes the occurs as the result of the only significant changadrcoupling.

adduct by anomeric interactioh®. BecausefS-couplings in
pyrrolidinyloxyls follow dihedral ruleg? the largeAr and low

Both phenomena result from changes in the five-membered-
ring geometry caused by the different character of the interaction

SCHEME 3: Representative Potential Curves and Geometries for the Exchanging Conformers of DEPMPO-OOH

Diastereoisomers
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Superoxide Adduct of DEPMPO

between the ring and the OH group having two preferential
orientations in the course of rotation around the@bond.
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