J. Phys. Chem. R004,108,5903-5914 5903

Spin Transfer and Magnetic Interaction via Phosphorus in Nitronyl Nitroxide
Radical-Substituted Triphenylphosphine Derivatives
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The magnetic behavior of polyradicals is usually understood on the basis of the spin polarization scheme
displayed by the molecules. As far as conjugated hydrocarbon species are concerned, the spin distribution is
rather well established and follows the sign alternation principle. Yet when a heteroatom is involved in the
exchange pathway, the situation may become more delicate. This study concerns the involvement of a P-atom
in the spin distribution and the intramolecular exchange interaction of nitronyl nitroxide radical-substituted
triphenyl phosphine derivatives. The spin distribution of mono-, bi-, and tri-radical phosphine derivatives has
been investigated by high-resolution fluid solution EPR &dand 3P MAS NMR spectroscopy. These
techniques permitted one to establish that spin density is located at the phosphorus atom and showed that its
sign depends on whether there is a P-lone pair or not. They also revealed the spin polarization scheme for the
molecules. While these schemes are in line with ferromagnetic interaction between the radical units, the
actual interactions are extremely weak as found by the magnetic studies. The experimental data are supported
by DFT computations (UB3LYP/Lanl2DZ), which reproduce very well the effective spin distribution on
these molecular systems except the sign inversion observed when going from the phosphine to its phosphine
oxide counterpart. They also predict a very small high-spin/low-spin gap for these polyradicals.

the organic linker possesses a magnetic ground state, ideally a

The search for new magnetic materials based on paramagneti¢igh-spin ground state in the case of polyradicals. A convenient
molecules assembled into supramolecular architectures is cur-2PProach to predict the sign of the intramolecular exchange
rently a topic of intensive effort. Especially an approach in- interactions, thatis, ferro- or antiferromagneticzionjugated
volving persistent aminoxyl radicals has become a challenging Polyradicals is based on the polarizeespin principle. Indeed,
research area for chemists. Together with purely organic as-the spin delocalization starting from a radical moiety, an
semblies of radicals;® heterospin systems which consist of ~@minoxyl group for instance, over the core of the molecule leads
paramagnetic metal ions linked by organic radicals acting as 0 & pattern that reflects the polarization of the bonding electrons.
ligands attract much attentidn® Following this strategy, the ~ Thus, two neighboring atoms will bear excesspin (positive
use of polyradical species as bridging ligands allowed the SPin) ands-spin (negative spin) density, respectively, and this
synthesis of molecule-based magnets with ordering temperature$ign alternation is spread over the whole molecule. When the
of up to 46 K1112The development of this promising approach, Molecule contains a second radical moiety, two situations can
however, depends on the design of new paramagnetic polydenbe encountered. Either the spin-distribution schemes of both
tate ligands that will permit one to modulate both the architec- radical moieties lead to the same sign of the spin density at the
tures and the magnetic properties of these supramolecular“nker atoms, and then the exchange interaction between the

species.

radical moieties is predicted to be ferromagnetic, or the

A prerequisite for obtaining materials with a permanent mag- Polarization induced by one radical moiety is opposite to the
netization by this organie/metal-d (or f) spin strategy is that Polarization induced by the other, and the exchange interaction
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SCHEME 1: Synthesis Pathway for the Preparation of
1d,e, 2d, and 3d
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materials. These compounds comprise a triphenylphosphine core |

substituted by a 4,4,5,5-tetramethyl-4,5-dihydid-iinidazolyl-

1-oxy-3-oxide radical moiety, hereafter abbreviated as nitronyl

nitroxide radical. Two of such monosubstituted phosphine
derivatives have already been briefly describe@hese were

shown to be able to coordinate to a metal center by means of

either the phosphorus atéfn' or the aminoxyl unit®2° The

presence of two phenyl groups available for further substitution
prompted us to envisage the corresponding polyradical deriva-
tives. Herein, we report on the synthesis and magnetic charac

teristics of a series of mono-, di-, and frnitronyl nitroxide
triphenylphosphine derivatives.
The aim of this work was to evaluate the potential of a P

atom in mediating the exchange interaction between the
aminoxyl radicals it bridges. The role played by the phosphorus
atom in the intramolecular exchange interaction and more
generally the complete understanding of the magnetic behavior
shown by these molecules require the knowledge of the spin

density distributions over the molecules. Fluid solution high-
resolution EPR! and NMR2 spectroscopy have proven to be

very efficient tools for assessing the magnitude and sign of the
spin density borne by the atoms of organic open-shell molecules.
These techniques appeared ideally suited for the (:ompoundsD
envisaged in the present study because all atoms of the molecula

fragment linking the radical units are active nuclei in NMR and
EPR, that istH, 13C, and®'P. The experimental investigations

performed were complemented by DFT computational studies

and both confirm that the heteroatom in the bridging position
contributes to the spin distribution.

Results

The nitronyl nitroxide-substituted phosphine derivatives
considered in this study are the mopanitronyl nitroxide tri-
phenylphosphinele, and its oxide1d, as well as the di- and
tri-p-nitronyl nitroxide triphenylphosphine oxidegd and 3d
(Chart 1).

In the following, we will first briefly describe their preparation
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Figure 1. ORTEP plot (30% probability ellipsoids) of the molecular
structure for compoundld (the hydrogen atoms are omitted for
clarity) 15 Selected bond lengths (A) and angles (deg)—©2, 1.485-
(2); O52-N42, 1.275(3); 055N45, 1.279(3); C41N42, 1.352(3);
C41-N45, 1.350(3); substituted phenyHC, 1.378-1.399; C3+-P1-
02, 111.4(1); C33C34-C41-N42, 28.3(2).

spin distributions for these molecules by high-resolution EPR
and MAS NMR spectroscopies and then their magnetic proper-
ties will be considered, and, finally, our experimental results
will be compared to the computational data on these and related
compounds.

Synthesis.The compoundé&d,e—3d were prepared according
the synthesis pathway described by Scheme 1. The first step
consists of the synthesis of the correspondiaga-aldehyde-
substituted phenylphosphinesb—3b. These are efficiently
obtained in a two-step procedure. The mono-lithiation of
p-dibromobenzene witfiBuLi followed by the reaction with
PCLPh—, (n = 1—3) yields the corresponding-bromophen-
ylphosphine la—3a.2324The reaction ofla—3awith "BuLi and

its subsequent formylation by reaction with DMF leads to
1b—3bin good yields. Except derivativeb, these compounds
were already obtained previously by alternative procediirés.

The mono-, di-, and tri-radical phosphine oxide derivatives,
1d—3d, are prepared in standard fastibhy condensation of
the corresponding aldehyde with 2,3-dimethyl-2,3-dihydroxyami-
nobutane followed by oxidation with Nak@nder phase-transfer
conditions. The use of a periodate salt as oxidant results in the
formation of both the radical and the phosphine oxide in a single
step. For the preparation of phosphiteea milder and selective
oxidant is required. We have shown that a selective formation
of the radical can be obtained if AQ is used as oxidanf.

X-ray Structure Characterization. An X-ray crystallo-
graphic analysis could be performed for the mono-radical
hosphine oxide derivatived, and its solid-state structure has
plready been describé#lA view of the molecular structure and
selected geometrical features are recalled in Figure 1. The
structure of phosphine derivativée has been confirmed
indirectly by the adduc{ Mo(CO)(1e)}, 4, formed by its
coordination to the Mo(CQ)fragment and has been reportéd.

High-Resolution Isotropic EPR. Electron paramagnetic
resonance (EPR) has proven to be a powerful spectroscopic
technique yielding detailed information about the electronic
structure of open-shell molecules. When performed in dilute
fluid solutions under high-resolution conditions, EPR measure-
ments provide precise isotropic hyperfine coupling constants
for nuclei with both large and small spin densit{éS.he value
of the hyperfine coupling observed by EPR is directly related
to the absolute spin density on the considered nucleus. The
X-band EPR spectra of compounild—3d were recorded in

and characterization; in the second part, we will investigate the degassed C¥l, solutions (<1074 M). The spectrum obtained
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Figure 2. Experimental and simulated EPR spectrum of the mono-
radical compoundd (top); details of the central group of lines (bottom).
The best simulation parameters ake= 7.543 G (2N),ap = 0.597 G
(1P), @umethy = 0.205 G (12H) avortno = 0.450 G (2H), anthymeta =
0.190 G (2 H).

for the mono-radicald at 230 K is centered a = 2.006 and
consists of five equally spaced groups of signals with an
intensity ratio of 1:2:3:2:1 due to the coupling of the unpaired
electron with two equivaleri!N nuclei of the nitronyl nitroxide
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in Figure 3. They consist of, respectively, 9 and 13 main signals
regularly spaced with visible coupling constantsaqf= 3.77
G anday = 2.51 G (line-to-line separation), respectively. These
coupling constants are one-half and one-third of the observed
ay for mono-radicalld. In addition, the multiplicities of the
spectra are in agreement with the number of lines expected for
the coupling to four2d) and six @d) equivalent N nuclei as a
result of intramolecular spiaspin exchange interactions be-
tween the radical unit¥. Therefore, the observed patterns point
out clearly that the exchange interaction is much larger than
the hyperfine interaction|J| > |an|).

The experimental lines recorded fd and3d are broadened,
as compared to those of compoutdl Moreover, for2d it can

unit. Each of these main signals is composed of a large numberstill be seen that each main signal is composed of several poorly

of lines due to further coupling with the magnetically active
nuclei of the compound, that i¥1 and3'P. Figure 2 shows the
spectrum of compoundd under high-resolution conditions

resolved lines, while they are no longer visible for compound
3d. For an individual molecul@d or 3d, the inter-radical dis-
tance is not so large, and hence the observed line broadening is

together with the simulated signals. This simulation required probably due to dipolar interactions. In addition, the visible hy-
one to consider hyperfine couplings with two equivalent N perfine coupling constants of the di- and tri-radicals are smaller
nuclei and the 12 equivalent H nuclei of the nitronyl nitroxide than those of the mono-radical, which could result in line
unit along with the H in the ortho and meta positions of the overlap. This line broadening prevents the determination of the
substituted phenyl group (see Chart 1 for the labeling) and the hyperfine coupling constants for the other magnetically active
P nucleus. The values for the isotropic hyperfine coupling nuclei that are smaller thas for compound<2d and 3d.
constants found by simulation of the experimental spectrum of The high-resolution EPR spectra obtained for compounds
1d are given in Table 1. The resulting line widthHj, for 1d—3din fluid solutions are in agreement with the formulation
the protons and phosphorus was 0.109 G, and for the nitrogenas mono-, di-, and tri-radicals, respectively. More importantly,
it was considered asHi» = 0.109+ 0.29m — 0.046m2, where they suggest that spin density is located on the H atoms of the
m stands for the nuclear spin, to take into account slow substituted phenyl groups and on the P atom as found by the
molecular tumbling effects. The observation of a single set of simulation of the spectrum of compourdd. To gather more

12 equivalent H’s for the methyl groups of the radical unit results information on the spin distribution in these molecules, we
from a rapid exchange in solution of the axial and equatorial considered another spectroscopic method, solid-state MAS NMR
positions for the Chigroups of the five-membered heterocycle. spectroscopy.

The spin transfer to the phenyl ring is revealed by the couplings  Spin Density Distribution by H and 3P MAS NMR
found with the aromatic H atoms; moreover, the observation Spectroscopy.Solid-state magic angle spinning NMR spec-
of a coupling with the P nuclei indicates that a degree of spin troscopy has recently been shown to be a powerful alternative

is also located on this atom.
The high-resolution spectra for the di-radicat, and the
tri-radical,3d, derivatives centered gt= 2.006 are reproduced

to polarized neutron diffraction for mapping the distribution of
the spin density in paramagnetic molecular and supramolecular
solids31732 This technique provides information on both the
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TABLE 1: Contact Shifts (d°°", in ppm), Hyperfine Coupling Constants @ in G), and Spin Densities p in au x 10~3) Obtained
from High-Resolution EPR2 and Solid-State NMR® Spectroscopies

compound
1d 1d 2d 3d le Mo(1e)(CO)
(EPR) (NMR) (NMR) (NMR) (NMR) (NMR)
CHa ocon —13.0 —15.1 —15.8 c -11.5~17.3
o 0.205 —0.174 —0.203 -0.211 —0.154/-0.232
P +0.13 -0.11 —0.13 —0.13 —0.10/-0.15
Ho ocon 35.5 33.2 41.0 c 33.8
o 0.450 0.476 0.445 0.550 0.453
I3 +0.28 0.30 0.28 0.34 0.28
Hm ocon —12.4 —-11.4 -12.5 c —7.4
o 0.190 —0.166 —0.153 —0.168 —0.099
I +0.13 —0.10 —0.10 -0.11 —0.06
CeHs oeen 0.4 0.2 c 0.3
o <0.01 <0.01 <0.01 <0.01
P ~0 ~0 ~0 ~0
N o 7.543 ¢ c c c c
P oeen 103.6 212.3 324.9/359.7 —94.9 219
o 0.597 0.563 1.154 0.563/1.955 —0.516 0.119
I +0.93 0.87 1.79 2.73/3.03 —0.80 0.18

a|n CH.Cl, at 230 K.P For measuring conditions, see Experimental Section and Supporting Infornfatlohmeasured? Axial and equatorial
methyl groups resolved.

Compound 2d

| T T T T | [
160 100 50 0 -50-100 -200 -300 (ppm)

Compound 3d

L B e HLE s m s s e e e e

3320 3330 3340 3350 3360
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Figure 3. Experimental high-resolution EPR spectra for di-radRul
and tri-radical3d recorded in CHCI, at 250 K.

value and the sign of the spin density of the magnetically active
nuclei. It appeared especially adapted for the investigation of
the spin density not only located at the protons but also at the
P atom because th8P isotope has a nuclear spin lof= %/
and 100% natural abundance.

TheH MAS NMR spectra of the solid monoid, and tri-
radical,3d, are shown in Figure 4. In the bottom spectrum, three
isotropic signals are assigned to the tri-radical. The methyl 1(150 1(1,0 5'0 (') _5',0 _1'00 _2‘00 _3100
protons of the nitronyl nitroxide unit appear-ai4.1 ppm, and
the protons in the ortho and meta positionsg érd H;,) of the ) ) .

. Figure 4. *H MAS NMR spectra of mono-radicald (top) and tri-

phenyl groups are seen at 47.0 andl5 ppm, respectively. An ragcjiical 3d (bottom) T = 389 K, spinning rate 15 IEHzp)) Spinning

additional isotropicipeak near244 ppm in bOth Spectrg is ‘?'UG sidebands are marked by asterisks, and the signals due to an impurity
to nickelocene, which has been used for internal calibration of are marked by X. The proton signal of S is used as the internal

the temperature in much the same way as described previusly. temperature standard.

For compoundld (top spectrum), the methyl signal atl1.4

ppm shows some structure, pointing to axial and equatorial atom. ThelH MAS NMR spectra of2d and 4 not shown in
methyl groups. There are two separate signals for the methyl Figure 4 have been analyzed accordingly.

groups o Mo(1€)(CO)s}, 4, while in other cases, these signals Conversion of the experimental signal shifts into contact
are not resolved! and the same is true f@d. The protons K shifts, oc°" (see Experimental Section) and further into the
and Hy of 1d appear, respectively, at 41.7 ppm (as a shoulder hyperfine coupling constanta(X), of the nucleus X by using
of the first high-frequency sideband of the methyl signals) and eq 1 gave the data collected in Table 1. In egxlis the nuclear
at —4.5 ppm as a shoulder of the methyl signal, respectively. gyromagnetic ratioh and k are the Planck and Boltzmann
The additional signal at 7.9 ppm belongs to the nonresolved constants, respectively, is the absolute temperaturg,s the
protons of the unsubstituted phenyl groups at the phosphorusisotropic g-factorSe is the Bohr magneton, arfflis the spin

(ppm)
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Figure 5. 3P MAS NMR spectra from top to bottom: mono-radical
phosphine,le (T = 308 K, spinning rate 15 kHz), its molybdenum
derivative4 (T = 308 K, spinning rate 12 kHz), and the phosphine
oxide derivatives1ld and3d (both T = 309 K, spinning rate 15 kHz).
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Figure 6. Experimental[0) and calculated-{) magnetic behavior for
compoundsld, 2d, and3d in the solid state.

to be detected (see spectrals and 1d in Figure 5), which
would be hard to uncover by other means. More importantly,
two signals at 341.4 and 374.9 ppm are resolved for Bdre
indicating two independent molecules in the asymmetric unit.
This has been confirmed by the spectrum3dfdissolved in
CD,ClI; (saturated with TEMPO to shorten the electron relax-
ation time), which shows only ori@P NMR signal at 381 ppm.
It is worth noting thafP MAS NMR is more efficient thaiH
MAS NMR spectroscopy, which does not provide such details.
Magnetic Properties.Solid-State Propertie3.he temperature
dependence of the molar magnetic susceptibility, for
compoundsld,e, 2d, and3d was measured on polycrystalline
samples in the temperature range300 K using a SQUID
magnetometer. The results, plotted)@sl versusT in Figure
6, show that for each compoungT remains invariant in the
temperature range 36%0 K with values in agreement with
the presence of one, two, and three indepen@snt/, spin
carriers per molecule, respectively. Below 50y.T decreases
to reach a value of 0.14 ¢ mol~1for 1d, 0.12 cn¥ K mol—1
for 1e and 0.4 and 0.5 chK mol~1 for 2d and3d, respectively,
at 2 K.

For all compounds, the solid-state magnetic behavior at low
Remperature is governed by overall antiferromagnetic interac-
tions. For mono-radicald andle, this behavior can only result

quantum number. The contact shifts were also converted into from intermolecular magnetic interactions. The crystal structure

the spin densitiesp(X) at the nucleus X by means of eq 2,
whereug is the vacuum permeability, arad is the Bohr radius,

while the other symbols have been mentioned with eq 1. The

spin densities are also given in Table 1.

0 3yyhkT con @)
axX)=—5———

oSS+ 1)
pX) =y " @

uogBrac(S+1) '

The 3P MAS NMR spectra have been recorded for all
compounds. Whilé'P NMR data in solution have been obtained
only for phosphino-substituted-oxides?® solid-state’’P MAS
NMR data of organic radicals do not seem to be known. The
overall trends of the spectra are shown in Figure 5 for
compoundsle 1d, 3d, and 4. For both phosphines and
phosphine oxides, sharp signals (half widths-0167 kHz) and

available for 1d indicates that several short intermolecular
separations involving the aminoxyl units exist in the sé#d.
The shortest distances are found for O%2y( z) and C54 {/,
— X, Y2 +y, Y, — 2) with 3.447(4) A, 055, y, 2) and C54 (1
+ X, y, 2) with 3.440(4) A, the closest O5X,(y, 2—055 @/,
— X, y, 2) separation being 4.785(3) A; they reveal a complex
network of short intermolecular contacts that could be respon-
sible for the observed antiferromagnetic interactions. To evaluate
the strength of the magnetic interactions for these compounds,
the magnetic data were analyzed by considering a Cikleiss
behavior. A best fit to the experimental data yielded values of
6 = —2.07 K for 1d, —2.48 K for 1, —1.71 K for 2d, and
—2.20 K for 3d. These values indicate that the overall
interactions in the solid state are very similar for all compounds;
no evidence is found for the possible contribution of intramo-
lecular interactions for the polyradical derivatives. To investigate
the intramolecular contribution, frozen matrix EPR studies were
undertaken.

Frozen Matrix EPR The frozen matrix for the di- and tri-

small shift anisotropies are found. Hence, favorable signal radical2d and 3d was formed from 10° M CH,Cl,—toluene
resolution and signal-to-noise ratios enable even small impurities (1:1) solutions. The spectra recorded for both compounds at 10
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TABLE 2: Comparison of Selected Distances for the
Optimized Geometries and X-ray Structure for Compound

Rancurel et al.

TABLE 3: Comparison of the Spin Density Distributions
Found for the Mono-radical 1d as a Function of the Basis

1d Sets Used
optimized at 6-31G 6-31G/
optimized at: an - - * -
bond structure (P, O) level Lanl2DZ level spin density at: Lanl2DZ ~ 6-31+G*  Lanl2DZ  6-31+G*
Eiicc)fl 1‘;3%((?) i"ggg i'g% P1 0.0017 0.0003 0.0013 —0.0003
bl G2l 179502 1899 Tel 02 —0.0006 —0.0005 —0.0006  —0.0003
P 1~806(2) 1829 et C31 (P-C) —00534 —00543 —00535 —0.0542
-806(2) : : C32 (meta) 0.0317 0.0343 0.0311 0.0337
N42-052  1.275(3) 1.288 1.324 33 (ortho) ~0.0587 —0.0603 —0.0576 —0.0593
N45-055  1.279(3) 1.287 1.323 C34 (C-NIT) 0.0635 0.0711 0.0635 0.0712
o . C35 (ortho) -0.0584 —0.0602 —0.0569  —0.0587
K exhibit a broad line (ca. 40 G peak-to-peak) centeregl=at C36 (meta) 0.0316 0.0343 0.0310 0.0337
2.006, in which the dipolar fine structure is not resolved. This C41 (NIT C2) —0.2421  —0.2547  —0.2437  —0.2556
broad line corresponds to thAms = 1 transition among ’c\l;é% 8-3%% 8-22’% 8-%?‘(3)3 8-22;;
sublevels of the triplet state. A signal gt= 4 corresponding N45 02656 0.3007 02672 0.3032
to the Amg = 2 transition, characteristic of triplet and quartet o555 0.3786 0.3460 0.3770 0.3365

species, became visible only below 10 K and remained weak

for lower temperatures. The signal @t= 6 corresponding to at the 6-31G/6-31G* level is systematically smaller than that
the Ams = 3 transition which is characteristic for the quartet calculated at the Lanl2DZ level and deviates much more from
state of tri-radical derivatives was not detected for compound the experimental values deduced from EPR and NMR experi-
3d, but this forbidden transition is seldom observecd8 ments than for the latter case. When 6-31G/6-@t is also
Because thé\ms = 2 transition was observed as a weak signal used for the geometry optimization, the sign of the spin density
only below 10 K, the ground state could not be assessed fromeven turns negative on P1, in contrast to the experimental results.
the temperature dependence of the signal intensity. NeverthelessOn the other hand, the Lanl2DZ spin densities do not deviate
it follows that the intramolecular exchange interaction must be significantly regardless of at which level the geometry was
very weak for both compounds. In an effort to gain comple- optimized (columns 2 and 4, Table 3). Therefore, it seems
mentary information on these compounds, DFT calculations of justified to use the Lanl2DZ basis set for both geometry
the spin density distribution and intramolecular exchange optimization and spin density calculations.

interaction were carried out. The spin density distribution in the di-radical derivatixe

Theoretical Calculations.Optimized GeometrnfComparison is very similar to that ofLd, as revealed by the resemblance of
of the optimized geometry of mono-radichdl to its crystal- values for all nuclei of nitronyl nitroxide angtphenylene units
lographic structure shows that the calculations done with the obtained for the triplet state &d and for mono-radicalld
Lanl2DZ basis set are generally in good agreement, although(Tables S2a and S4a of the Supporting Information). In line
the N—O, P-C, and P-O bonds are systematically too long. with this result, the values resulting for P and O2of 0.0033
The geometry optimization was repeated using a 6-31G (C, H, and —0.0012 au, respectively, are twice those for the corre-
N)/6-31+G* (P, O) basis because the 6-BG&* basis set also  sponding P and O nuclei dfd because each of the two radical
includes diffuse functions said to be advantageous for calcula- moieties contributes simultaneously to the spin polarization on
tions on compounds with lone pairs. Indeed, the inclusion of both atoms. The low-spin state (singlet) & shows all of the
diffuse functions leads to geometrical parameterd.ébn better necessary characteristics of the broken-symmetry open-shell
agreement with the structural data (see Table 2). However, thestate with the pattern of spin density on one of the phenyl-
spin densities calculated with the Lanl2DZ basis set showed radical moieties reversed when compared to that of the triplet
much better agreement with the experimental values regardlesgTable S4a of the Supporting Information), and the P and O
of the basis set used for optimization (see below), so only the atoms depleted in spin density, with calculated values of 0.0000
latter was used throughout for both optimizations and calculation au on both atoms. For the high-spin state (quartet) of tri-radical
of the spin density. 3d, the spin density distributions on all three phenyl-radical

Spin DensitiesThe spin density distributions calculated with moieties are almost identical and close to those of the mono-
the X-ray coordinates and with the optimized geometry for and di-radicals (Table S5a of the Supporting Information). The
mono-radicalld are virtually identical to those found for alarge  spin density on the three phenyl rings is virtually identical, and
number of other nitronyl nitroxide derivatives investigated with the P and O atoms carry spin densities of 0.0049-a8d019
most of the spin density located on the-® groups (1.2597 au, respectively.
and 1.2815 au, respectively, for the X-ray and optimized  The spin density distribution for the phosphine derivatiee
structures) and a negative contribution from the central C2 (C41 is virtually identical to that of its phosphine oxide counterpart,
Figure 1) carbon atom;0.2410/-0.2421 au (X-ray/opt.), due  1d, with the phosphorus atom carrying a spin density of 0.0008
to spin polarization effect®. The phenyl ring bearing the radical au (Table S3a of the Supporting Information). The same picture
group carries small additional spin densities with the normal is obtained when the corresponding hypothetical di- and tri-
alternating pattern (Table 3), while there is virtually no spin radicals phosphine derivatives are considered (see Tables S6a
density on the nonsubstituted rings£0.0002 au). The spin  and S6c of the Supporting Information). For the two latter
densities at the P and O atoms are 0.0007/0.0017 au (X-ray/compounds, the calculated spin density at P is found to be
opt.) and—0.0004/-0.0006 au (X-ray/opt.), respectively. positive with 0.0017 and 0.0033 au, respectively.

This compound also served as a test case to compare the Exchange Coupling Parameter§he exchange coupling
influence of the geometry and basis set on the spin density constant calculated for the phosphine oxide di-radiddk very
distribution. The results obtained using different basis sets for small and antiferromagnetic with = —0.2 cnt?; a similar
geometry optimization and calculation of the spin density are exchange parameter is obtained for the phosphine anakmue
collected in Table 3. The spin density at the phosphorus atomwith J= —0.4 cnTl. The extremely small differences in energy
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between the open-shell singlet and triplet states preclude anyTABLE 4. Comparison of the Experimental and Computed
definitive conclusion as to whether the P atom acts as a ferro- (Lanl2DZ Basis Set) Spin Densities

or antiferromagnetic coupler. This situation probably reflects calculated calculated experimental
the small spin density on the core of the molecule linking the spin density spin density spin density
nitronyl nitroxide units as well as the intramolecular separation, atO (usp atP oo ~atPpup
that is, the number of atoms between the two magnetic centers. in aux 1079 in aux 10°%) in au x 10°%)
To gain further information on the exchange interaction via a  1d —0.6 (0.4} 1.7(0.7% 0.87
P atom, we considered the case of the di-radicéChart 1) 2d —-1.2 3.3 1.78

3d -1.9 4.9 2.73/3.02

with the two radical units bound to phosphorus in the ortho 1 B
L s e c 0.8 0.80

position of the phenyl group because it is well known that ortho 54 c 17 b
and para isomers of di-radicals usually show the same type of 3e c b
magnetic exchange interactions if the geometries are compa- 5 —3.4 (-5.1¢ 3.6 (4.4% b
rab_le_f‘o The shorter link betvv_ee_n_ the a_minoxyl units was 2In brackets, calculated values with the X-ray structifdot
anticipated to lead to a more significant singteiplet energy available.c No oxygen atom.
gap, providing more reliability in the theoretical computations.
Calculations using X-ray structural coordinates for compound by the alternating sign of the spin density on the ortho and meta
5 revealed that the two phenyl rings bearing the nitronyl protons. It is gratifying that good agreement between EPR,
nitroxide groups carry small spin densities (Table S7a of the NMR, and DFT data is found, in particular that there is more
Supporting Information) as anticipated from the large phenyl- (positive) spin density at ithan (negative) at | This is in
radical dihedral angle$. Very little spin density is found on  line with previous EPR} NMR,34243and polarized neutron
PO, 0.0044 and-0.0051 au for P and O, respectively. The diffraction**results. Continuing the spin polarization path along
pattern of the spin density distribution derived from the the phenyl skeleton, one would expect positive spin density at
optimized geometry and the X-ray structure is very similar, and the phosphorus atom in the para position, and this was indeed
the absolute values show only small differences, although the found for the phosphine oxide derivativéd, 2d, and3d. In
spin density on the two phenyl rings is somewhat larger for the this series, the spin density at phosphorus (and oxygen) increases
former (X-ray, 0.1738; calc., 0.1989), most likely reflecting the With the number of radical moieties bound to the P atom (see
smaller torsion angles between the phenyl and imidazoli- Table 4). The slight deviations from linear correlation on going
dine rings at the optimized geometry (52(talc.) versus 6724  from 1d to 3d might be due to small changes of the geometries
(X-ray) and 62.8 (calc.) versus 72%7(X-ray)). The spin density ~ as a result of differences in the steric crowding. The propor-
distribution in the low-spin state at both the X-ray structure and tionality observed between the spin population on P and the
the optimized geometry is virtually identical to that of the number of nitronyl nitroxide units may be understood by
corresponding triplet states. The reversed sign on one of theconsidering that a single C-atom induces spin density on P for
phenyl-radical moieties shows that the calculation converged mono-radicalld whereas two and three are operative for the
to the open-shell broken-symmetry singlet state and not to adi-radical 2d and tri-radical 3d, respectively. Moreover, it
charge-transfer closed-shell singlet state. It can be noticed thatstrongly suggests that the spin density located on P arises
the spin density on P and O atoms is depleted and becomesexclusively from the intramolecular distribution, while neigh-
negative in the broken symmetry state {R.0009 and-0.0003 boring radical molecules in the crystal lattice have a negligible
au. X-ray/opt.) as compared to that in the triplet state (P: 0.0044 contribution to the spin population.
and 0.0036 au. X-ray/opt.). Quite strikingly, there is a change to negative spin density at

The exchange interaction parameter calculated for the X-ray Phosphorus when passing from the phosphine oiiéo the
structure points to an extremely weak antiferromagnetic ex- Phosphine derivativée As this may be due to the involvement
change with) = —0.15 cn1. However, the exchange parameter ©Of the phosphorus lone pair in the spin transfer, we have
found for the optimized geometry is positive and 1 order of investigated the compour{dMo(1€)(CO)s}, 4, where the lone
magnitude larger witd = 1.87 cnrL. This difference might be ~ Pair is blocked by donor bond formation to the Lewis-acidic
attributed to the smaller torsion angles found between the M0O(CO)s fragment. Actually, this also entails a shift to positive
nitronyl nitroxide moieties and the phenyl groups in the SPin density at phosphorus, although the effect is not as
optimized geometry as compared to the X-ray structure. Indeed,Pronounced as for the phosphine oxides (see Table 1). From
the spin transfer is favored by the former geometry as pointed the synthetic point of view, this means that, by varying the Lewis

out by the calculations (vide supra), and the intramolecular acidity of a transition metal fragment, the chemist may tune
exchange becomes operative. the sign and amount of spin at donor atoms such as phosphorus,

nitrogen, and the like. If the transition metal fragment is also
paramagnetic, it should be possible to thereby tune the magnetic
interaction between the ligand radical and the metal center.
There are two main issues associated with the experimental The change of the sign of the spin on phosphorus has a
results. (i) How is the magnetic information delocalized from parallel in the behavior of nuclear coupling constants. The reason
the spin sources NO of the nitronyl nitroxide to an atom, like is that, by measuring paramagnetic NMR signal shifts, one
P, that can serve as a donor? (ii) How do nitronyl nitroxides actually observes electremuclear couplings, which are usually
interact magnetically when they are linked by a phosphorus dominated by the Fermi contact interaction in much the same
atom? The first question is of course related to the fact that the way as internuclear coupling®.Thus, on passing from ME
magnetic interaction of a paramagnetic ligand with a paramag-to MesPO, the reduced'P, 13C coupling constant changes
netic transition metal center would decisively depend on the from —11.1 to 55.8 N & m—3, respectively*>4” For the pair
sign and amount of spin density at the donor atom. In the present(Me3sSnkP and [(MgSnxP]Cr(CO}), the reduced®Sn, 31p
case, inspection of the proton NMR data in Table 1 shows that coupling constant shifts from456 to—224 N A2 m—3.8 Note
the spin delocalization from the nitronyl nitroxide moiety into that the reduced coupling constants were used here to eliminate
the phenyl group proceeds via spin polarization, as evidencedthe different signs of the gyromagnetic ratios'#€ and!1°Sn.

Discussion
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SCHEME 2: Schematic Drawing of the Contributions troxides, there is general interest in this topic. While this work
Inducing the Spin Polarization on P was in progress, aminoxyl radicals which are connected by a
Si%® B, C, and N aton® and more generally by E atoffis

"0 "0
*N *N were reported. On the basis of strictly topological considerations,
| | the phosphine polyradical derivatives considered here should
‘o'N p\f/ 'o'N p/ lead to ferromagnetic interactions. Moreover, for the phosphine
o H

oxide derivatives, the spin polarization schemes found experi-
mentally are in complete agreement with the polarization
a: o-contribution b: n-contribution by alternation anticipated for ferromagnetic exchange among the
hyperconjugation radical units of a molecule. The presence of spin density at P is
a The bold ! represents the spin polarization mediated by the @lsO @ clear indication that the bridging atom does not shield
7-electrons, and the thith represents the spin polarization of the the intramolecular magnetic interactions. However, the magnetic
electrons of ther-bonds or of the lone pair. studies performed fd2d and3d did not permit one to evidence
) ) ) intramolecular exchange because Curie behaviors are observed
Again, the result is that, upon engaging the phosphorus lone gown to low temperatures suggesting extremely small exchange
pair in bonding, the coupling is gradually shifted to more nteractions between the radical units. Such a behavior is
positive values. Depending on the strength of the bonding, this supported by the DFT calculations. The computed energy
does or does not lead to a sign reversal. differences between the high-spin and low-spin states are found
To account for the sign of the spin density at phosphorus {4 pe so small that they preclude any conclusion on whether
and its reversal when passing from phosphine to phosphine oxidefero- or antiferromagnetic exchange should be operative. The
d_erivatives, two co_ntributions likely to Iea_ld tq the sp_in polariza- f5¢t that no exchange interaction was observed in the temper-
tion on P can be invoked. These contributions arise from the gy re domain investigated could reflect the rather feeble spin
polarizedr-electrons of the phenyl rings and those of the”C 45 jation on the core of the molecules. The nitrony! nitroxide
o-bonds?? A phosphine oxide derivative lacks-electrons it js know to poorly polarize the molecular fragment it is
located on P, and a realistic canonical form of the PO bond can .ynnected 166 Moreover, all of the compounds considered in
be drawn as P-O".** The spin polarization is thus exclusively  his study are “doubly disjoint” systems; that is, the radical-

induced by the electrons of the -® o-bonds. For the  ,nonyi mojeties are connected to the phosphorus by a carbon-
compounds considered in this study, a negative spin density is;;om bearing negative spin density. Thus, at the bridge, the

Iocatgd on the_ C atom bound to P. Therefore_, a POSi“VG SPIN ¢_atoms with substantial positive spin density are separated by
density is anticipated on P (Scheme 2a), and this is indeed foundi,-ca atoms of feeble spin densities,{&P—Cpard, and this

expenmentally. Theg—contrlbunon appl!es as well for the _ will further deplete the intramolecular exchange interaction.
phosphines, but obviously for these derivatives another contri- .
The effect of structural and geometrical parameters on the

bution involving the lone pair imposes a negative spin on P. strength of the exchange coupling is confirmed by the calculation
H h j ion leadi he mixing of I g N .
ere, a hyperconjugation leading to the mixing of some electron performed for theortho-di-radical derivative5 for which the

density of the phosphorus lone pair with the aromatigystem 9y . . ted th h ¢ E .
might be operative (Scheme 2b). The limit situation depicted 0 SpIn carriers are connected througn 1ess atoms. EXperimen-
tally, this compound has been found to exhibit a very weak

in Scheme 2b has no reality with phosphorus but is well ) e . o
established for related oxygen or nitrogen derivatives and is at ant|.ferrom§gr(1)et|c.|ntramole_cular mteraqtlon, ifany, betvyeen the
the origin of the super-exchange mechanf€ni2 Nevertheless, radical units'® This behavior was attrlbu_tegl to the dihedral
a small contribution of this type cannot be excluded for the angles close to 9’C_between the radlcal_m0|et|es and the phenyl
phosphorus derivatives. groups they_are Im_ked to, angles_whlch preclng spin tr_ansfer
Thus, for a phosphine oxide derivative, the linking P atom is from the radlcal_unlts. A weak antlferromagnetlc_ interaction (
= —0.15 cnm?) is indeed found by the calculations reported

spin polarized through the contribution, and the spin polariza- ! . ;
tion scheme over the whole molecule should be in agreementN€ré- Yet, more interestingly, when a geometry with reduced

with the sign alternation principle; the same is true for a anglesis considered, a ferromagnetic exchadge1.87 cnt?)
phosphine coordinated to a metal center. However, when the'S found. The results o_btalned fBrsupport our ass_umptlon that
phosphorus possesses a lone pair, this principle does not appl)}he weakne_ss of thg |nt_ramolec_ular exchangg interactions for
anymore and the spin on the heteroatom is imposed throughthe para nitronyl nitroxide de;rlvatlve_s c_onS|dered above is
the polarization of the lone pair by the aromatisystem. The certainly rglat_ed to the poor spin polarlzatlon of the core of the
occurrence of this latter contribution was not expected for Molecule linking the magnetic units.
phosphorus derivatives (vide infra). Further information on the electronic structure of these
The spin density distributions deduced from DFT calculations nitronyl nitroxides derivatives is obtained from the orbital
are in good agreement with the distribution obtained experi- energies and characters for compouhdsindleas representa-
mentally; the values on P for all compounds are compared in tives of the phosphine oxide and phosphine series. With regard
Table 4. A discrepancy, however, exists between the calculatedto the magnetic orbitals, both radicals show the “normal” pattern
and experimental data for phosphibhe because the computa-  with two almost degenerate HOMOs and slightly higher lying
tions do not reproduce the sign reversal of the spin density at3-LUMOs centered on the NO groups of the five-membered
P upon passing fronid to le due to the lone-pair effect rings. On the other hand, in both cases, P- or PO-centered virtual
discussed above. This is likely due to limits in the basis set orbitals were found to be much higher in energy (&ut:
employed, which is unable to accurately reproduce this through- o-LUMO+8, 8-LUMO+10). This energy gap certainly is a
space interaction. However, the calculations do reflect the above-handicap in the mixing of the magnetic orbitals through the
mentioned trend to a more positive spin density when the lone central heteroatoPiand may account, together with the rather
pair is engaged in a bond. small spin population found on the core of the molecules, for
Turning to the second initial question about magnetic the extremely weak exchange interactions found for these
exchange interaction between phosphorus-linked nitronyl ni- nitronyl nitroxide phosphine derivatives. An increase of the



Spin Transfer and Magnetic Interaction via Phosphorus J. Phys. Chem. A, Vol. 108, No. 27, 2008911

strength of the interaction via the P might be obtained by mL; 14.7 mmol) kept at-70 °C, followed by a solution of DMF
replacing the nitronyl nitroxide unit by a radical ensuring fora (1.36 mL; 17.6 mmol) in THF (20 mL). The reaction mixture
better delocalization of the unpaired electrons on the whole was then stirred 10 h at room temperature. Afterwarg L5

molecule®® mL) was cautiously added, and the mixture was extracted with
CHCl,. The organic layer was washed with®and dried over
Concluding Remarks Na,SO, before the solvent was removed in a vacuum. The

and resulting oil was crystallized from MeOH, yieldintb (3 g,
yield = 63%) as a white crystalline solid. An alternative
synthesis for this compound was reported eaffidR (KBr):

The information gathered for the series of mono-, bi-,
tri-nitronyl nitroxide-substituted phosphine derivatives unam-
biguously establishes that the bridging P atom is involved in
the spin distribution exhibited by the molecules. The presence 1705 (s), 1592 (m), 1432 (m), 1208 (m), 1088 (w), 825 (s),
of spin density at phosphorus supports the occurrence of an748 (s), 695 (9).
intramolecular exchange pathway between the spin carriers, and -1 NMR (CDCls, 293 K, ppm): 6 = 10.0 (s, 1H, CHO);
both the experimental spin polarization scheme deduced from 7-95 (M, 14H, Ar.).

MAS NMR studies and the computed scheme suggest a high- Di-(4-formylphenyl)phenylphosphine 2b.This compound
spin ground state for the polyradical derivatives. However, Was prepared by the same procedurdlasyielding 2b (yield
according to magnetic measurements, the effective exchange/0%) as an oil used without further purificatiofd NMR
interactions were too weak to be investigated experimentally. (CDCls, 293 K, ppm): 6 = 10.0 (s, 2H, CHO); 7.70 (m, 13H,
Finally, for the phosphine derivatives, the lone pair of the Ar).

heteroatom was anticipated to have minor effects due to its poor  Tri-(4-formylphenyl)phosphine 3b. This compound was
mixing with the aromaticr-orbitals. Actually, the sign of the  prepared by the same procedurelbgyielding 3b (60%) as an
spin density at P depends dramatically on whether there is a Poil which was used without further purificatiotH NMR
lone pair or not. A correlation between the sign of the spin (CDCls;, 293 K, ppm): 6 = 10.0 (s, 3H, CHO); 7.70 and 7.20
density on P and the spin ground state of such a polyradical (M, 12H, Ar).

remains to be established. This will require phosphine deriva-  4'-[2-(1,3-Dihydroxy-4,4,5,5-tetramethylimidazoline)-
tives with increased exchange interactions between the spinphenyl]diphenylphosphine 1c.A solution of 1b (2.23 g, 77
carriers, compounds that are also desirable in a perspective ofimmol) and 2,3-dimethyl-2,3-dihydroxyaminobutane (1.2 g, 81
use as building blocks for the preparations of molecule-basedmmol) in MeOH (40 mL) was refluxed for 12 h in a,N

magnets. atmosphere. The resulting precipitate was filtered and washed
_ . with MeOH, yielding1c as a white solid (1.9 g, yieleF 60%).
Experimental Section IR (KBr): 3421 (s), 2988 (m), 2914 (m), 1434 (m), 1377

Synthesis Commercially available solvents and reagents were (M), 1146 (m), 1113 (m), 797 (m), 742 (s), 696 (s), 516 (m).
used throughout without further purification, except for those H NMR (CDCls, 293 K, ppm): 6 = 7.35 (m, 14H, Ar); 5.15
mentioned below which were purified as described. The (4- (S broad, OH); 4.71 (s, 1H, CH); 1.08 (s, 12H, §H'P NMR
bromophenyl)diphenylphosphinéa 23 and 2,3-dimethyl-2,3-  (CDCl, 293 K, ppm): 6 = —5.49 (s).
dihydroxyamino-butarfé-62were prepared following described Di-{4'-[2-(1,3-dihydroxy-4,4,5,5-tetramethylimidazoline)-
procedures. Dry THF was obtained by distillation from Na/ben- Phenyl]} phenylphosphine 2c.A solution of 2b (0.43 g, 1.35
zophenone, ChCl, was distilled from Calkl MeCN was dried ~ mmol) and 2,3-dimethyl-2,3-dihydroxyaminobutane (0.4 g, 2.7
over BOs, DMF was dried over MgS@and distilled under ~ mmol) in MeOH (10 mL) was refluxed for 12 h in azN
vacuum, and MeOH was dried over Mg(OMeprior to atmosphere. After being cooled to room temperature, the
distillation. Reactions involving-BuLi were carried out under ~ reaction mixture was filtered and the volume of the filtrate was
N, using oven-dried glassware. PRh PPhC}, and PC} were reduced to ca. 4 mL. Addition of ¥ (20 mL) induced the
distilled prior to use. Solution NMR spectra were recorded on Precipitation of a white solid. The latter was collected by
a Bruker instrument operating at 200 MHz fbd; chemical filtration, washed with HO, and dried in vacuo, yieldingc
shifts ©) are given in ppm. Infrared spectra were recorded in (0.58 g, yield= 70%).'*H NMR (DMSO-ds, 293 K, ppm): ¢
the range 4000400 cnt using a Perkin-Elmer FT-IR Paragon = 7.78 (s broad, 4H, OH); 7.30 (m, 13H, Ar); 4.50 (s, 2H,
1000. Elementary analysis was performed by the “Service NCH); 1.06 and 1.03 (2s, 24H, Me).

Central d’Analyze du CNRS” at Vernaison, France. Tri- {4'-[2-(1,3-dihydroxy-4,4,5,5-tetramethylimidazoline)-

Di-(4-bromophenyl)diphenylphosphine 2a.A solution of phenyl]} phosphine 3c.This compound was obtained following
p-dibromobenzene (7.0 g, 29.7 mmol) in THF (20 mL) was the same procedure as fac, leading to3c (0.67 g, yield=
added dropwise over a period d h to asolution of n-BuLi 63%) as a white solidtH NMR (CDClz, 293 K, ppm): 6 =
(1.6 M in hexane; 18.5 mL; 29.7 mmol) kept at65 °C. 7.77 (s broad, 6H, OH); 7.50 and 7.20 (m, 12H, Ar); 4.50 (s,
Afterward, neat PGPh (2 mL) was slowly added, and the 3H, NCH); 1.06 and 1.03 (2s, 24H, Me).
reaction mixture was stirred at room temperature for 8 h. After ~ 4'-[2-(1-Oxyl-3-oxide-4,4,5,5-tetramethylimidazoline)-
hydrolysis with HO (15 mL), the organic phase was extracted phenyl]diphenylphosphine Oxide 1d.A solution of NalQ
with Et,O, washed with KO until the aqueous phase had a pH (0.150 g, 0.68 mmol) in kD (10 mL) was added to a suspension
=7, and dried over N&Os. The solvent was removed in vacuo, of 1c (0.22 g, 0.46 mmol) in CkCl, (20 mL). The reaction
leading to2a (3.76 g, yield= 60%) as an oil that was used mixture was stirred for 10 min, during which a deep blue color
without further purification for the next step. Analyses data for developed in the organic phase. The latter was collected, washed

this compound are consistent with the literattfre. with H,O, and dried over N&O, before the solvent was
Tri-(4-bromophenyl)phosphine 3a. This compound was  removed in vacuo. The residue was purified by chromatography

prepared as described f2a.24 over neutral AJO3 (1.3 x 12 cm, eluent ChCl,—acetone 4/1).
(4-Formylphenyl)diphenylphosphine 1b.A solution of 1a The main blue band was collected, the solvent was removed in

(5.0 g; 14.7 mmol) in THF (20 mL) was added dropwise over vacuo, and the residue was dissolved inCEtleading to the
a period @ 1 h to asolution ofn-BuLi (1.6 M in hexane; 9.2 formation of deep blue crystals dd (0.12 g, yield= 60%).



5912 J. Phys. Chem. A, Vol. 108, No. 27, 2004 Rancurel et al.

Anal. Calcd for GsHzeN20OsP: C, 69.27; H, 6.05; N, 6.46. lock accessory to guarantee large field reproducibility in each

Found: C, 68.98; H, 6.20; N, 6.20. UWwis {MeOH, 1 (nm) scan. Precautions to avoid undesirable spectral distortions and
(€)}: A =1588(351); 373 (8975); 273 (13 057). IR (KBr): 1437 line broadenings, such as those arising from microwave power
(m), 1420 (m), 1389 (m), 1364 (s), 1193 (s), 733 (w), 714 (m), saturation and magnetic field overmodulation, were also taken

692 (m), 546 (s). EPR (Ci€l,, 293 K): g = 2.006 (5 linesay into account. To avoid dipolar line broadening (from dissolved
= 7.5 G); powder samplay, = 2.006;gn = 2.009. 0,), solutions were always carefully degassed three times using
4'-[2-(1-Oxyl-3-oxide-4,4,5,5-tetramethylimidazoline)- vacuum-thaw cycles with pure Ar. High-resolution isotropic

phenyl]diphenylphosphine 1e A suspension ofc(0.10 g, 0.24 ESR spectra were obtained by an optimal choice of the ex-
mmol) and AgO (83 mg, 0.35 mmol) in CkCl, (20 mL) was perimental conditions, temperature, viscosity, and radical con-
stirred at room temperature, and the reaction evolution was centration, that reduce the spectral line width to the minirdtim.
characterized by the development of a blue color followed by The optimal experimental conditions were as follows: moderate
TLC (SiOz CH.Cly; 16 R = 0.8; 1d, Rt = 0). The reaction viscosities,y = 25 cP, intermediate temperatures, 2200 <

was stopped by filtration over Celite as soon as traces of 300 K, and low radical concentrations, < 5 x10°> M.

1d were detected. The solvent was removed in vacuo, and Computer simulations of experimental isotropic spectra were
the residue was dissolved in Bt from which 1e crystallized carried out with the EPRFTSM progréfth.

as a blue solid (70 mg, yield= 70%). Anal. Calcd for The frozen solution studies were recorded on a Bruker EMX
CosHoeN2OsP: C, 71.93; H, 6.28; N, 6.71. Found: C, 72.04; spectrometer at X-band (9.3 GHz) equipped with an Oxford
H, 6.36; N, 6.60. U\*vis { CH.Cl, 4 (nm) (6)}: 1 =632 (357); ESR-900 helium cryostat controlled by an Oxford ITC4
595 (357); 375 (10 357); 300 (14 430); 272 (14 570). IR temperature control unit. Computer analysis of the experimental
(KBr): 2985 (w), 1434 (m), 1419 (s), 1388 (m), 1368 (s), 1303 data was done with the Bruker WINEPR Simfonia program.

(m), 1131 (m), 1089 (m), 697 (s). EPR (@Bl2, 293 K): g = 31p and 'H MAS NMR Spectra. The3!P and'H MAS NMR
2.006 (5 linesay = 7.2 G). spectra were recorded with a Bruker MSL 300 spectrometer by
Di-{4'-[2-(1-oxyl-3-0xide-4,4,5,5-tetramethylimidazoline)- using microcrystalline samples of the compounds after mixing

phenyl]} phenylphosphine Oxide 2d A solution of NalQ (0.42 them in a glovebox with 8% of nickelocene, which was used
g, 2 mmol) in HO (10 mL) was added to a suspension2af as internal temperature standafdsubsequently, the powder
(0.38 g, 0.65 mmol) in CLCI, (30 mL). The reaction mixture  was packed into Zr@rotors with 4 mm diameter and sealed
was stirred for 15 min, during which a deep blue color developed with Kel-F caps. The free induction decays were sampled after
in the organic phase. The latter was collected, washed with H  applying single 90 pulses of 4us duration with a delay time
and dried over N#&5O, before the solvent was removed in vacuo. of 100-500 ms between successive scans. Data handling
The residue was purified by chromatography over silica(70 included exponential multiplication up to the matched filter and
200um, 1.5x 40 cm, eluent ChCl,—acetone 4/1). The main  baseline correction. The experimental signal shifé&?, were
blue band was collected, and the solvent was removed in vaccuodetermined relative to external adamantad@H) = 2.0) and
Compound2d was obtained as a blue crystalline solid by slow ammonium hydrogen phosphat&@P) = 1.1 ppm). Contact
evaporation of a CpCl,—hexane solution. Anal. Calcd for  shifts were obtained after subtracting the signal shifts, from
CazHaN4OsP: C, 65.29; H, 6.33; N, 9.52. Found: C, 65.30; the experimental signal shifté>*?, of corresponding nuclei of
H, 6.57; N, 9.30. IR (KBr): 1420 (w), 1388 (m), 1364 (s), 1195 diamagnetic reference compounds (triphenylphosphine oxide for
(m), 1133 (m), 829 (w), 710 (m), 616 (w), 566 (M), 2985 (w), 1d, 2d, and3d with 5(3}P) = 28.5 ppm and(*H) = 7.5 ppm
1434 (m), 1419 (s), 1388 (m), 1368 (s), 1303 (m), 1131 (m), for all aromatic protons; triphenylphosphine fbewith 6(31P)
1089 (m), 697 (s). EPR (Ci€lp, 293 K): g = 2.006 (5 lines, = —9.2 ppm and(*H) = 7.5 ppm for all aromatic protons;
ay = 3.7 G). and the pentacarbonylmolybdenum triphenylphosphine complex
Tri- { 4-[2-(1-oxyl-3-0xide-4,4,5,5-tetramethylimidazoline)- for 4 with 6(3P) = 37.5 ppm® and 1,3-dihydroxy-4,4,5,5,-
phenyl]} phosphine Oxide 3d.A solution of NalQ (0.39 g, tetramethyl-2-(3-pyridyl)-tetraimidazole for the proton signals
1.83 mmol) in HO (10 mL) was added to a suspension3ef of the radical imidazolyl moiety witd(C'Hs) = 1.1 ppm). Note
(0.30 g, 0.47 mmol) in CkCl, (25 mL). The reaction mixture  that the dipolar shift contribution can be neglected, because the
was stirred for 15 min, during which a deep blue color developed g-factor anisotropy of organic radicals is generally very sf#all.
in the organic phase. The latter was collected, washed with H ~ Further details are given in Table S1 of the Supporting
and dried over Ng8Q, before the solvent was removed in vacuo. Information.
The residue was purified by chromatography over silica«(35 Theoretical Calculations. All calculations were done with
70 um, 1.5 x 40 cm, eluent CkCl,—acetone 7/3). The main  the Gaussian 98package on a Compaq ES40 parallel computer
blue band was collected, and the solvent was removed in vacuoat the Max-Planck-Institut “fuBioanorganische Chemie. The
to yield 3d as a blue solid. Crystallingd was obtained by slow  UB3LYP exchange-correlation functio&f® and the double
evaporation of a ChCl,—CH3CN solution. Anal. Caled for  ¢-quality Lanl2DZ basis sét 73 were employed throughout,
CagHagNeO7P: C, 62.97; H, 6.50; N, 11.30. Found: C, 62.00; but some calculations were repeated at the 6-31G (C, H, N)/
H, 6.47; N, 10.94. IR (KBr): 1426 (w), 1387 (m), 1358 (s), 6-31+G* (P, O) level for selected molecules, because the
1194 (m), 1111 (m), 710 (m), 618 (w), 566 (s). EPR (CH, 6-31+G* basis set includes diffuse functions said to be
293 K): g = 2.006 (13 linesay = 2.5 G). advantageous for calculations on compounds with lone pairs.
EPR Spectra.X-band (9.5 GHz) ESR spectra were recorded Spin densities were calculated in single point runs at the crystal
on a standard Brukerw spectrometer of the ESP-300E series, structure coordinates when available and on optimized geometry
equipped with a field-frequency (F/F) lock accessory and a built- converged to the standard criteria. To obtain accurate energies
in NMR Gaussmeter. A rectangular TE102 cavity was used for for the calculation of the exchange coupling constants, a tight
the measurements. The spectrometer was also equipped with @onvergence criterion with the limit set to 0and the ultrafine
Bruker ER 4121 HT nitrogen cryostat controlled by an Oxford grid were used. No spin projection was used in the calculation
ITC4 temperature control unit. The signal-to-noise ratio of of the exchange parameter as advocated by Ruiz @tTdie
spectra was increased by accumulation of scans using the F/Fspin-Hamiltonian used to calculate the energy differences was
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H = —2J55,. The exchange parameter is then obtainedas
Yy(Es — Er).
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