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ESR spectra otis- andtrans5-diphosphorylated pyrrolidin®oxyl radicals,c-1 andt-1, were studied in

liquid and frozen solution. The expected 1:2:1 triplat (2)) of the 1:1:1 triplet &) was observed fot-1;
however, forc-1, the inner lines of the 1:2:1 triplet showed a dramatic broadening characteristic of chemical
exchange between two equivalent conformations. Owing to the large difference in the hyperfine splitting
constants (hfsc) of the exchanging phosphoar-(~ 21 G), the coalescence temperature was unusually
high (193 K, inn-pentane), and the potential barrier for ring interconversion (10.5 kJYinaias easily
obtained from the temperature dependence of the exchange rate. This value was in very good agreement with
the value obtained for an empirical pseudorotational potential (11 kJYnthlat was adjusted to fit the
temperature dependence of the phosphorus hfsccHomolecular mechanics calculations gave similar
characteristics for the pseudorotational potential and indicated the existence of two identical minima with
distorted geometries lying betweéh, and®E or “T; and k. Fort-1, only the®T, conformer was found to

be significantly populated. Frozen solution spectra showed that the phosphorus hfsc anisotropy is higher
when the C-P bond is pseudoaxial; this result can be explained by a geometry-dependent delocalization of
the unpaired electron into the phosphorus 3p orbitals.

Introduction SCHEME 1

Because of the biological importance of various five-
membered rings such as those of ribose rings in nucleic ‘acids (OEt)2
and proline residues in peptides and protéirisere is still y,
considerable interest in determining the conformational states (Eto)zI o)
of five-membered rings. Pyrroliding-oxyl radicals (Scheme 0 t1
1) form an important class of five-membered ring radicals. If
their dismutation is prevented by the absence of hydrogens on ? q
thea carbons, then most of these radicals are chemically stable,  gto),p (OB,  (EtOR i(OEt)z
and different approaches have been developed to investigate - N
their conformational behaviér O ol (o}

The conformers of five-membered rings can be close to either
envelope (E) or twist (T) geometries (Figure 1). Conversion
among the various conformers is usually thought to occur
through pseudorotation. Spectroscopic techniques often fail t0iexible. and interconversion is fastAG? does not exceed 10
give reliable information on the heights and positions of barriers KJ mol',l and the interconversion frequency is larger than 7
to.interconversion_, except for fgw simple molecules whep the 10° 51 r;lbove 200 K89 This difference is evident in ESR
microwave .technlque. IS apphcalﬂeAs compared to six- spectroscopy studies where line-width alternation due to chemi-
membered rings containing sixbonds (sfﬂcarbo_n or nitrogen cal exchange is often observed in the spectra of radicals centered
atorPs) where energetlcally we!l-separat@ﬁ(’ IS ca. 2.0 kJ on a six-membered ring. However, for the five-membered ring
mol~Y) and slowly interconverting (the interconversion fre- analogues, such phenomena were detected only in a few cases
using the low-temperature matrix techniduor five-membered

quency is less than 5% 1 s™! below room temperature)
conformers exist,the analogous five-membered rings are rather
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Figure 1. Usual representation of the pseudorotation of five-membered .
rings. Figure 2. Experimental and calculated ESR spectratfar 193 K

(top) and 313 K (bottom).
interconverting sites, and sing&phosphorus couplings are

typically two or three times larger than the respecfiveydro- Cale ﬁH_M_}V_JH‘_H_
gen couplings, the presence of3@P atom in a free radical

should enhance the chance to observe chemical exchange. %%

In our earlier studies, dramatic line-broadening effects were

indeed observed on the ESR spectra of peroxyl radical adducts EKJ\/\/\/\,\/,,\/\/\/V
of 2-diethoxyphosphoryl-2-methyl-3,4-dihydro-2H-pyrrole-1-

oxide (DEPMPO%b as well as on those of geminal diphos-

phoryl-substituted pyrrolidinoxyl radicaf$. Interconversion

between conformers with different ring geometries resulting 293K
from hindered rotation around the-@R bond in the first case Exp

or the C-P bond in the second c&#8ean explain the observed 203K

line broadening. However, in both cases, the barrier for ring —’H‘,\/’—"—'ﬂf"%“qf—
inversion does not represent the major contribution to the total 173K

barrier for interconversion, and thus the rate of ring inversion "/\/\/\/\/\/\/\/W/
is not available from ESR experiments.

Because of the preference of the pyrrolidinoxyl radicals for r T T T T T T T 1
3T, and “T3 twist conformation and the preference of the 3280 3320 3360 3400 3440
diethoxyphosphoryl group for axial geome#no ring inter- Magnetic field (G)
conversion was observed foans-2,5-diethoxy-phosphoryl-2,5-  Figure 3. Experimental and calculated ESR spectracidrat different
dimethyl-pyrrolidinoxyl nitroxidet-1 (Scheme 1, Figure 2).  temperatures.

However, forcis-2,5-diethoxyphosphoryl-2,5-dimethyl-pyrro-  using molecular mechanics calculations. In this approach, the
lidinoxyl nitroxide c-1 (Scheme 1), one phosphoryl substituent influence of rotation around the-P bonds was considered.
occupies the preferred axial geometry, and the second is forced

to the less stable equatorial orientation. As a consequence, aResults and Discussion

double minimgm is expected in the pseudorotational itinerary  ggr Spectra.The ESR spectrum df1 consisted of a large
of the pyrrolidinoxyl ring. 1:2:1 triplet due to coupling with two equivalent phosphorus
In the present paper, we give a complete analysis of the ESRnyclei, each line being further split into the 1:1:1 triplet.#.
spectra ot-1recorded over a large temperature range. To obtain As shown in Figure 2, no chemical exchange was observed in
reliable calculated data, liquid and frozen solution spectra were the temperature range between 193 and 31%°K.
simulated by an automatic parameter-fitting proced@iréhe At elevated temperature, the ESR spectr&-bfandc-1 are
study of the influence of temperature on the interconversion similar. However, for the cis isomer, the inner lines of the 1:2:1
rate yielded the thermodynamic parameters of the process. Werriplet showed a dramatic broadening that is characteristic of a
also considered the influence of solvent molecules on the chemical exchange (Figure 3). A decrease in the temperature
chemical exchange. Moreover, in frozen solution, where dif- increased the broadening of the inner lines, whereas lines in
ferent ring geometries can be fixed by SO|Vati0n, we examined the Wings remained sharp. Inner and outer lines had near]y
the possibility of phase transition due to molecular rearrange- jdentical amplitudes at 253 K, and coalescence was achieved
ments in the coordination sphere. at 193 K. Below this temperature, new lines evolved in the
Finally, to have a complete description of the pseudorotational center of the spectrum, indicating the presence of frozen
itinerary, conformational analysis 6fL andc-1was performed conformers.
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313K TABLE 1: Experimental and Calculated ESR Parameters
CH_CI for c-1 and t-1
2 2
c-1
temp coeff potential constants
hfsc (G) (mG deg?) (kJ mol1)
simulated computédmeasured computéd Vi 2
an 14.06 1.9 8.5 15.0
aé 46.97 46.67 -11.2 —10.5
aE 25.8¢ 25.63 —-0.68 0.2
ame 0.3¢
ancHz  0.28
t-1
temp coeff potential constants
hfsc (G) (mG deg?) (kJ mol1)
3324 3326 3328 3330 3332 3334 3336 simulated computed measure#i computed  V; V,
Magnetic Field (G) an 13.20 8.7 227
Figure 4. Experimental and calculated central line of the low-field & 50.97 51.28 —-11.2 —-113
nitrogen triplet forc-1 showing the resolution of long-range couplings. Ve 0.52
aHecHz) 0.30
0.17

Below 133 K, anisotropic frozen solution spectra can be &icH2
detected; further cooling to 103 K increased the line width. All 2|n pentane® In CH,Cl,. ¢ Computed by the semiempirical approach.
of these spectral changes were reversible. In CH.Cl, an = 14.5 G,a) = 45.2 G,a = 27.16 G, andC

Significant solvent effects were also observed:; better spectrumcouplings are 6.4 and 5.4 Gin toluene.
resolution was found in C¥Cl, and benzene, where long-range i
proton couplings give a further multiplet structure. Simulations + pentane
optimizing the square deviation between experimental and
calculated spectra showed that eight hydrogens (six from the .
two methyl groups and two from the methylene groups) build +
up the multiplet structure (Figure 4). 2

Computer Simulations for Liquid Solution. For all ESR S
spectra ofi-phosphorylated pyrrolidinoxyl radicals, the relative
amplitudes of nitrogen triplet lines are different for the different
guantum numbers of the phosphorus nuclei. This dependence
can be described by two further relaxation paramefemsnd 0
y', and the line widths were computed from the equatidti v
=a+ M+ yM2+ M + y'MM’, whereM andM' represent
the magnetic quantum numbers of nitrogen and phosphorus,
respectively. The termg'M' andy’'MM' are a consequence of
the large anisotropy of the phosphorus hyperfine interaction.
The ESR spectra were calculated with the automatic fitting
procedure in which alternative algorithms were applied to : : :
achieve convergence in the least-squares prdé@&sween 333 3 4 1000/T 5 6
and 143 K, the spectra a1 were calculated by assuming a _. . .

. . Figure 5. Arrhenius plot of the exchange time forl
chemical exchange between two symmetric conformers. Ten

parameters were adjusted, namely, gifector, a, &, ap, the strain broadeningAH;; = [aii + M + yM?]¥2 wherei = x, y,
exchange raté = 1/r as well as the five relaxation parameters or z10cwas taken in account by an axially symmeti¢ensor,
o, B,y, B, andy'. At elevated temperature, the parameter fitting  and 3 andy were considered to be isotropic. Line shape was

& CH2CI2

Int (ns)
+ O
+ O
+<O
+<o
+<O
+<O
+<
+O

cannot give a reliable difference betweap and a5 (Aap), computed as a mixture of Lorentzian and Gaussian components.
which makes the determination of the exchange rate less preciseAltogether, 13 parameters were adjusted, and good agreement
To obtain confident results in the high-temperature regica, was observed between calculated and experimental spectra

was fixed at a value determined from spectra recorded below (Figure 6).
the coalescence temperature, and a nine-parameter fit was carried The average of the principal values of hyperfine tensors
out. When they were resolved, long-range proton couplings and (Table 2) was rather close to the isotropic constants determined
13C satellite lines were also simulated. The values of the adjustedin liquid solution (Table 1).
hfsc and their temperature coefficients are listed in Table 1. The frozen-solution spectra showed signific&ift anisotro-

An Arrhenius plot of the exchange time showed good linearity py: for the axial phosphorus, the parallel component is larger
(Figure 5), though above 303 K the exchange rate showed than the perpendicular one by 8.8 G, whereas the opposite and
significant acceleration. The Arrhenius parameters in the low- a smaller difference (1.7 G) was observed for the equatorial

temperature region aig, = 10.5 kJ mof! andk = 2.5 x 10! phosphorus. The same trend was also observed by Chachaty et
s1for Yy =0. al! for mono B-phosphorylated nitroxide radicals: when the
Computer Simulations for Frozen Solution. Since the isotropic 3P hfsc was largeak = 58—60 G), the parallel

inclusion of rhombic parameters did not improve the quality of component exceeded the perpendicular one-b§ @, whereas

the fit significantly, the frozen solution spectra were simulated the difference was significantly smaller (4 G) whaswas less

assuming axially symmetrig, aw, aﬁ, and aE tensors. For than 40 G. This anisotropy cannot be explained by a direct
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molecular encounters in a less viscous medium, whereas the
increase inB andy can be rationalized by a slower rotation in
CH.CI, that is due to complex formation. The phosphorus
relaxation given byg' and y' was rather significant at low
temperature, which indicates significant hyperfine anisotropy
for s-phosphorus contrary to the casefhydrogen splitting.
The presence of phosphorus relaxation was less clear-for
where chemical exchange is also present; howevert-fior
strongly different amplitude ratios were observed for the three
nitrogen triplets. The sharpest lines were the central line and
Cale the first line in the low-field triplet and the high-field triplet,
respectively.

Exp 103K

Exp 123K

Semiempirical Approach to the Pseudorotation of the
Pyrrolidinoxyl Ring. We previously developed an ESR method
T T T T T T T T T T 1 T H
3250 3300 3350 3400 3450 3500 utilizing the temperature dependence(tC hfsc that gives
guantitative information about the pseudorotation of pyrrolidi-
Magnetic Field (G) noxyl rings? We assumed the following potential function

Figure 6. Experimental and calculated ESR spectraddrrecorded
in frozenn-pentane.

V== 2Vi[1 + cos — )] - SVe0s@g — w ] (1)

TABLE 2: g and hfsc Tensors for ¢c-1 in Frozenn-Pentane

temp (K) 123 103

g! g:gg%i 3:88%‘; wherey is thg pseudqrotation phase with a value set to zero

ay, (G) 308 206 for conformation®T, (Figure 1). Because of the symmetry of

awn(G) 5.0 7.0 c-1, y1 = 7/, andy, = 0, and for a fixed puckering angley

a, (G) 24.0 26.5 (assumed to be ca. 4@rom X-ray datd®), all torsion angles

ay, (G) 25.7 25.5 and dihedral angles can be computed as a functiap.¥fwe

aE” (©)] 55.1 56.0 verified that the puckering angle affects the hfsc only slightly,

apn (G) 46.3 423 thus its value is not critical within a wide range (between 30
and 45).

dipolar interaction between theunpaired electron and tHéP
nuclei. For a N-P distance of around 2.% 1078 cm, the The torsion angles are
anisotropy should be smaller than 1 G. The laffeanisotropy
could result from hyperconjugation between the singly occupied .
molecular orbital (SOMO) and the-P bonds. Contrary to the 9= ¢ cos{z/; + f(j - 1)]
case of the €H bond, where spin density is transferred only
to the 1s AO of hydrogen, the €P bond spin density is
transferred both to 3s and 3p AOs of phosphorus. As a where the torsion angle is denoted pyinstead of the more
consequence, the same HeldAcConnell*type angular de-  conventional notation using four indiceS@s- 2j—1;+1j+2. The
pendence should exist both for the isotropic and anisotropic gihedral angles of substituents on the C-2 and C-5 carbons are
hyperflqe interactions; furthermore, the local symmetry axis for 0, = g £ @4 andfs = s + s, respectively, where: refers
dlpolar interaction shoul_d be parallel to the-€ bond. For the to the methyl or phosphoryl substituents.
axial C—P bond, the dihedral angle is small, and the local
symmetry axis is close to the principal direction of the unpaired ~ The phosphorus couplirep was obtained from the simplified
electron density; thereforey(P) is large. However, for the  Heller—McConnell relationae = 58 co$(6).!® The mean value
equatorial G-P bond, the local symmetry axis is almost of co$(8) can be calculated by using the Boltzmann populations
perpendicular to the principal direction of the unpaired electron (eq 2) where the integration is carried out on the whole
density, leading to largeais(P). pseudorotational itinerary.

There is a significant difference between the frozen-solution
spectra recorded at 133 and 103 K. At 133 K, the line shape is

mainly Lorentzian (79% character), and at 103 K, it becomes IZ” co(6(y)) exp{_v(y))) dy
mainly Gaussian (93% character). This trend can be explained Etosz(e)D: 0 KT )
by residual motion above 103 K. 2 —V(w)) g

Relaxation and Solvent Effects.The exchange rate also ﬁ) ex kT

exhibited significant solvent dependence; it was somewhat larger

in CH,Cl,. (The slope in the Arrhenius plot was the same, but ] ) )

its position was shifted.) This indicates complex formation In the presence of chemical exchange, the two interconverting
between CHCl, molecules and nitroxide radicals. The relaxation Sites can be represented by two potential wells separated by
parameters for the nitrogen tnpla‘l (—{— ﬁM + y MZ) showed the potential barriers with pseudorotational phaﬁéandw”.
different behavior: althoughr was significantly larger in Between these barriers, the rate of pseudo-oscillation around
n-pentane, thg andy parameters were slightly larger in GH each minimum is still fast, whereas the chemical exchange is
Cl,. The enhancement of can be caused by a stronger spin  slowed by the hindrance of barriers. WHens(6)is calculated

spin exchange im-pentane that is due to the more frequent from eq 2 for sites A and B, the integration limits are replaced
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104 both the hfsc and their temperature coefficients. Nonlinear least-
squares iteration was used to find tieandV, values giving
the best agreement between experimental and calculated data
(see Table 1). Altogether, four experimental data petiig
hfsc and two temperature coefficientere used to determine
V1 andV.. The good agreement obtained for all data indicated
the consistency of the applied model. Computations yielded
potential amplitudes of; = 8.5 kJ mott andV, = 15 kJ mot?,
whereas the positions of potential minima arg = 8.3° and
ye = 171.7, respectively. The phases of the minima indicate
that the ground conformers have intermediate geometry between
3T, and3E or “T3 and“E. Note that the molecular symmetry
defines only the positions of the potential maxima, but the
positions of the minima are not defined! The potential barriers
-10 separating potential wells are found to be 11.0 and 19.6 kJ
mol~t. The smaller value is remarkably close to the barrier of
10.5 kJ mot? that was obtained from the Arrhenius plot (Figure
5) of the exchange rate in the low-temperature region, and it
0 ' 36 72 108 144 180 216 252 288 324 360 396 also agrees with the potential barrier determined by the analysis
Pseudorotational angle (°) of |133(3 hfsc for the 2,2,5,5-tetramethyl-pyrrolidine-1-oxyl radi-
cal:
10+ The Arrhenius curve showed an increased slope at high
temperature. This increase can be explained by an alternative
5 route of ring inversion: a puckering vibration through the planar
structure. According to microwave spectroscéie barrier
of this inversion process is rather high, but because of the large
entropy of this motion, it can be faster than the pseudorotation
at elevated temperature. (Note that in the course of inversion
-5 pseudorotational motion requires a series of well-defined
molecular geometries, whereas any two puckered conformations
could be directly interconverted via the planar ring geometry.)
As a comparison, the same analysis was carried outfor
In this case, the two energy minima have ex&@ict and “Ts
-15- geometries, but the former has significantly larger energy (8.7
kJ mol?, see Table 1). For this reason, only one conformer is
20 populated, and no chemical exchange can occur.
Conformational Analysis by Molecular Mechanics. The
results obtained from the above semiempirical approach have
-25 | LR L WL L VL e e LY LY VLY been compared with the results derived from molecular mechan-
ics calculations. For this purpose, we used GenMol softiffare
Pseudorotational angle (*) that includes the parameters for an aminoxyl moféty.
Figure 7. Empirical potential curve obtained according to eq 1 (left: Moreover, the method developed by Cremer and Pépias
c-1, right: t-1). been implemented in GenMol for a quantitative conformational
R v . ) analysis of five-membered ringsThis method is based on the
by [y, v"] and ", y'], respectively: definition of a mean plane, which is invariant during the

o
1

'
[$)]
1

Potential energy (kl.mol'l)

15

-104

Potential energy (kJ.mol'l)

" —V() pseudorotation. For any conformation of the ring, the
f j/ 0052(0(1/))) ex;{ K ) dy coordinate of thgth atom of the ring measures its distance to
Bog(0)] = ! T (3a) the mean plane and is written
v —V(¥)
y & kT dy -1)
V) 3= \/qsm( w) y e [0; 27]
' Y
" cog(6 exp( )
BoZ(0 21;’ W) )Y 3b q < [0.3;0.5](10° cm)
0s(0)(4 (3b) : :
W ex;{ V(w)) dyp for most of the five-membered rings
e

With any values of the puckering amplitudggand pseudo-

The rather large effective moment of inertia of the ring allows rotation angley, the corresponding conformation of a five-
us to use a classical approach to describe the pseudorotationmembered ring can be automatically built by GenMol. The same
Because of the symmetry @f1, the potential minima should  kind of strategy was used by French and Tfao analyze the
have identical energy, whereas the barriers can be different. Onfructofuranose conformations with the MMP2(85) program.
the contrary, fort-1, the barrier heights are identical, but the Fort-1 andc-1, the 20 ideal-ring conformers (10 envelopes
energy minima are different, allowing only a single populated and 10 twists) equally spaced by’I# the pseudorotation circle
conformer (Figure 7). were generated (Figure 1). Around each-F bond, three

According to eq 1, the phosphorus hfsc depends on only two staggered rotamers a;—g and gt were considered (Scheme
parametersy; and V,. Equations +3 allow us to determine 2). Therefore, for each envelope or twist conformer, 9 ideal
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TABLE 4: Results of the Conformational Analysis of c-#
minimum 1 ¢T3 or Es) minimum 2 €T, or E)

Esteric g P Esteric g Y
(kJ molY) (10°8cm) (deg) (kJ.mol?l) (10°8cm) (deg)

aa 89 0.37 173 89 0.37 6
gto— 91 036 173 91 0.36 8
g—g+ 92 0.36 181 92 0.36 -2
gtg+ 94 0.35 165 90 0.36 2
g-g— 90 036 179 94 036 14
ag— 88 0.36 174 92 035 -1
. . gta 92 0.35 180 88 0.36 6
Figure 8. Preferred geometry df1 obtained from molecular mechan- agr 96 037 175 33 0.36 6
ics. g-a 88 036 173 96 0.37 5
SCHEME 2: g+, g—, and a Orientations of the mean values 174.5 5.2
Diethoxyphosphoryl Groups aEnvelopes are in italics.

& OFt tO OFt to O slightly change the geometry of groufitl, and“T3 conformers.
For each kind of rotamer, thd; conformer with pseudoaxial
/N od Me /N u Me /N =0 Me phosphorus atoms was largely favored. We obtained a value of
Qe Qe Qe

pd= 178, which is close to the value calculated by the

g+ g a semiempirical approacHy 0= 18C°). The energy difference
between theé'T; and 3T, conformers was found to be around
TABLE 3: Results of the Preliminary Conformational 10 kJ mot, in good agreement with the value obtained by the
Analysis of t-1 analysis ofP hfsc (8.7 kJ mott, see Table 1). The results of
Ewend®Ts)  population q p e &l the calculations for théT; rotamers are shown in Table 3. For
(kd molt) (273 K) (%) (108cm) (deg) (G) (G) the most favored rotamer {@—), the ethoxyl fragments are
99— 84 42.8 037 177 536 522 as far as possible from the ring to reduce steric interactions
aa 90 3.0 036 178 52.8 52.2 (Figure 8).
g+g+ 93 0.8 0.36 177 52.3 51.2 Conformational Analysis for c-1. As already mentioned,
ag- 86 17.7 035 174 54.6 50.8  the conformational study gave two potential wells around the
g-a . 8886 177 3? 85’76 115?6‘ Sgg 55;-; 3T, and“T3 conformations. However, for the nine rotamers, the
g+g_ 88 73 0.36 182 522 527  Phase minima were shifted, suggesting an intermediate geometry
agt 91 2.0 0.36 178 52.3 51.9 betweerfTzand B ([ [= 174.5) or °T, and & (0= 5.2°),
gt+a 92 1.3 0.35 177 52.7 51.4 respectively (Table 4). Molecular mechanics calculations are

then in agreement with the results of the above semiempirical

model @y = 171.8 and 8.3respectively). The type of rotamer

rotamers (aa, ag, ag—, g+a, g-a, g+g+, g+g—, g—g+, can influence the energy minima up to 8 kJ molAccording

g—g—) must be considered, and for eithed or c-1, 180 to C, symmetry, the aa,§g— and g-g+ rotamers of théT,

conformations were generated. These conformations were therand“T3 conformers are mirror images (Figure 9), whereas for

optimized in the GenMol force field up to the convergence limit the rotamer pairs (§g+, g—g-—), (ag—, g+a) and (ag-, g—a)

of 0.005 kJ mot?! using the following procedure. the symmetry exists if one of the rotamers is combined with
Each conformation was built with an arbitrary puckering S°T4 and the other, witlT3 (ag—/*T3 <> g+aFfT,).

amplitude (0.4 10° cm), and the geometry of the ethoxyl chains The interconversion between the symmetfic; and “Ts

was first optimized by a local conformational analysis (the conformers can take place either through inversion via a planar

remaining atoms being fixed). Then, the geometry optimization ring or by the pseudorotational process. In both cases, the

mean values 0.36 178 52.9 52.4

of the whole molecule was performed. Fail and c-1, the molecular geometry should change through intricate geared

energy minima that were found correspond &y and “Ts motions including ring distortion, rotation around the-E

conformers, and the energy maximaland & conformers. bonds, and reorientation of the ethoxyl chains.
Conformational Analysis for t-1. The analysis showed that To calculate the potential barrier, the ning fletamers and

the orientation of the diethoxyphosphoryl substituents can only the nine 'E rotamers were built with an initial puckering

Figure 9. ag—/*Ts and grafT, symmetric conformers of-1.
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amplitude of 0.3x 1078 cm. Starting from these 18 initial  resonator (9.41 GHz). All ESR spectra were recorded at 100-
rotamers, the puckering amplitude was then systematically kHz magnetic field modulations. The ESR samples 14 in
varied between 0 and 0.¥ 108 cm, and the most stable;E  nitroxide) were deoxygenated by freeze and thaw cycles.
and'E conformations were determined. Mainly because of steric ~ Cis- andtrans-2,5-diethoxyphosphoryl-2,5-dimethylpyrroli-
repulsion between the axially oriented phosphoryl groups, we dinoxyl radicals were isolated after the oxidation of the
found that the'E conformers had larger energy. Computations corresponding pyrrolidine®.n-Pentane (99%), methylene chlo-
suggested that for the most stable geometry the ring was  ride (99.9%), and toluene (99.5%) were from SDS (France) and
almost planard = 0.11 x 1078 cm) and the energy was 25 kJ  were used as received.

mol~1 higher than the energy of the most favor&d or “T3

conformer. Hence, molecular mechanics yields for the exchange Acknowledgment. We thank the Hungarian Scientific
process a significantly larger barrier than that derived from the Research Fund OTKA (grant T-032929), the CNRS, and the
temperature dependence of either the interconversion rate (10.3~rench Ministry of Research for financial support.

kJ mol1) or the phosphorus hfsc (11.1 kJ mbl
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