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Abstract: The present work completes
and extends our previous reports!"? on
the determination of the magnetic
ground state and on the strength of the
through bond exchange coupling within
series of biradicals. This knowledge
was subsequently exploited for the
analysis of the magnetic interactions in
their crystals. We report here the stud-
ies of series of triradicals incorporating
o-nitronyl nitroxides (NN) or o-imino
nitroxides (IN) as terminal radical frag-
ments connected through a m-phenyl-
ene coupling unit in one case and a
phenyl acetylene unit in other case.

Tetraradical derivatives have also been
studied. The studies of isolated mole-
cules (EPR in solution and DFT calcu-
lations) allow the assessment of the
magnetic interactions through the mag-
netic coupling unit. All triradical deriv-
atives are found to exhibit a quartet
ground state, whereas a singlet ground
state is determined for the tetraradical.
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This last result reinforces previous find-
ings that the singlet ground state is fav-
oured in related biradicals involving
similar m-phenylene couplers. More-
over, the through bond magnetic ex-
change coupling for the ortho-meta
connectivity could be demonstrated as
being ferromagnetic, thus ascertaining
our previous hypotheses.! The magnet-
ic properties of the triradicals and tet-
raradicals in their solid state have been
rationalized by using a previously pro-
posed methodology,”” allowing to iden-
tify the most relevant magnetic path-
ways.
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Introduction

Molecular-based magnetism is an active research area with
respect to the promising new materials that might be pre-
pared in the near future, whether at the macroscopic scale
or at the so-called nanoscale.”! Purely organic magnets are
of special interest as they combine properties of organic ma-
terials, such as solubility and transparency, and offer the
possibility of combining magnetic, optical, mechanical prop-
erties by the fine-tuning of organic synthesis.) Apart from
the purely organic approach, such paramagnetic molecules
are also good candidates for generating original networks by
coordination with transition metal ions and reinforcing the
magnetic interactions between them.®! Two different strat-
egies can be distinguished, namely the intramolecular
(“through-bond”) and the intermolecular (“through-space”).
The intermolecular approach consists in using supramolec-
ular engineering tools, for example, hydrogen bonds® to
provide a better control of the packing of radical moieties,
aiming at the generation of a 3D magnetic network to get
magnetic order. However, there is still much to do to predict
a priori the magnetic behaviour exhibited by a compound
just looking at the molecular packing.” The intramolecular
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Abstract in French: Le présent travail compléte et étend nos approach is based on the connection of radical fragments
travaux précédents portant sur la détermination des couplages via a conjugated coupler, so as to provide high spin mole-
d’échange magnétique intramoléculaires de séries de biradi- cules by controlling the nature of the magnetic interactions
caux,”? et partant de cette connaissance, de I'analyse des cor- of the spins.®! Exploiting this way may result in the obtain-
rélations magnétostructurales dans I’état cristallin. Nous pré- ing of magnetic organic polymers.”’) However, understanding
sentons ici I’étude de séries de triradicaux comprenant des ra- intramolecular interactions in polymers is complicated by
dicaux a-nitronyl nitroxydes (NN) ou o-imino nitroxydes the presence of defects, and requires model compounds to
(IN) substitués en méta d’'un groupement phényléne d’une assess precisely the strength and nature of the magnetic in-
part, et en para d'un groupement phényléne éthynyléne teractions through the conjugated coupler. To do so, it is of
d’autre part. Des dérivés tétraradicalaires ont aussi été synthé- utmost importance to study oligoradicals based on various
tisés et étudiés. Les interactions d’échange magnétique a tra- coupling units.
vers les liaisons sont estimées d’apreés I'étude de ces molécules Following such guiding principles, some of our previous
isolées par RPE en solution ainsi que par des calculs effec- work (Part I)["! considered biradical derivatives consisting of
tués dans 'approximation de la fonctionnelle densité (DFT). two imino-nitroxides (IN) radicals connected in a meta con-
Alors que l'ensemble des dérivés triradicalaires présente un figuration through a phenyl acetylene coupler. A singlet
état fondamental magnétique quartet de spin, un état singulet magnetic ground state was found for the meta derivatives,
est proposé pour les tétraradicaux. Ce dernier résultat confir- whereas the widely used “topological rules”!'”! predicted a
me nos travaux précédents'! ayant conclu a un état fonda- triplet ground state!'! as long as the torsion angle between
mental singulet pour des biradicaux basés sur le méme cou- the phenyl and the radicals remains small.l'” Since little was
pleur. De plus, le couplage d’échange magnétique au travers known for the m-phenylene bridging unit when connected
du coupleur phényléne éthynyléne pour des biradicaux substi- to nitronyl nitroxides (NN) and imino nitroxides IN, we first
tués dans une topologie ortho—méta est ferromagnétique, investigated model biradicals and an extensive study has
confirmant ainsi les hypothéses antérieures.”"’ Suivant une mé- been previously reported (Part IT).
thodologie précédemment décrite,” les propriétés magnéti- In the present work, we extend the previous results by de-
ques des triradicaux a I'état cristallin ont pu étre analysées signing triradicals and tetraradicals (Scheme 1). The work
dans le détail et permettent de proposer des chemins d’inte- on triradicals is a direct extension of our previous work,
raction magnétique et des géométries de contacts intermolécu- both for the phenyl acetylene magnetic coupling unit
laires précises pour I’établissement d’interactions magnétiques (Part I) and for the m-phenylene bridging unit (Part IT). The
bien identifiées. biphenyl bridge"®! has also been studied in order to investi-
gate the effects on the intramolecular exchange coupling of
Abstract in Spanish: El presente trabajo completa y extiende a more distorted but shorter coupling unit. Furthermore,
nuestras anteriores estudios’™? sobre la determinacion del some hetero-triradicals were synthesized in order to assess
estado fundamental magnético y la fuerza del intercambio the influence of the nature of the connected radicals, that is,
magnetico a través del enlace en una serie de biradicales. NN versus IN. Not only such compounds permitted to study
Esta informacion es luego usada en el andlisis de las interac- the variation of the strength of intramolecular magnetic in-
ciones magneticas dentro de sus cristales. En este trabajo pre- teractions, but they also provided a nice way to understand
sentamos los estudios sobre una serie de triradicales que con- the solid state magnetic behaviour within isostructural
tienen o-nitroxidos nitronilicos (NN) o o-imino nitroxidos series. Following the procedure depicted in Part II, slight
(IN) como fragmentos radicalarios terminales conectados a modifications of the geometry at the intermolecular contacts
través de unidades acopladoras del tipo m-phenilénicas, en (structural motives) could be related to the variation of the
un caso, y fenil acetilénicas, en el otro. Se han estudiado tam- magnetic behaviour. Indeed, statistical studies have shown

bién tetraradicales. Los estudios con moleculas aisladas
(EPR en disolucion y DFT) permiten evaluar las interaccio-
nes magneticas a través de las unidades acopladoras. Todos w M . M .
los triradicales se ve que presentan un estado fundamental ~— NNH: HO*N\YNfoH NN O-N :
del tipo cuadruplete, mientras que el cuadruplete se cree que
tienen un estado fundamental singlete. Este ultimo resultado

refuerza las conclusiones de un estudio previo en el que se R R O
vié que el singlete es el estado fundamental en biradicales si- Rs R R o S R
milares conectados por una unidad m-fenilénica. Ademads, el o " O O
intercambio magnético a través del enlace para la conectivi-
. . R R

dad orto y meta se demuestra que es ferromagnetica, confir- NNpNN:R'=R*=NN, R?=H 5:R=CHO tetraNN:R=NN
mando hipétesis anteriores.!”! Las propiedades magnéticas de diNNpNN:R'=R’=R*=NN 6: R=NNH tetralN:R=IN

D prop 8
los triradicales y tetraradicales en su estado sélido se han ra- NNNpNN:R'=R*=NN, R*=IN diNNbpNN:R=NN

dilNpNN: R'=R?=IN, R*=NN dilNbpIN:R=IN

cionalizado empleando una matodologia propuesta anterior-
dilNpIN: R'=R*=R*=IN

mente,’”! identificando los caminos magnéticos relevantes.

Scheme 1. Target radicals and some intermediates.
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that considering the shortest contacts in the structure and
applying McConnell’s first principle failed to predict the
predominant magnetism, and that comparing similar pat-
terns could ensure reliable magneto-structural correlations.”!
The overall ideas for the synthesis and for the study of
the tetraradical derivatives was to investigate the possible
effects of the change in the spin configuration in the m-
phenylene based phenyl acetylene magnetic coupling unit
reported in Part I. This is achieved by substitution of the IN
terminal radical fragment studied in Part I with the triplet
ground state m-phenylene based biradicals studied in
Part II. We here report the synthesis of such oligoradicals,
the assessment of their magnetic ground state by EPR study
in dilute solution and by DFT calculations, as well as the
magneto-structural correlations in the solid state.

Results and Discussion

Synthesis: The target compounds are presented on
Scheme 1. The palladium-based synthesis of the phenyl acet-
ylene based oligoradicals was complicated by side reactions
such as dehydration from NN precursors to IN ones as well
as homocoupling. Various synthetic routes (illustrated in
Scheme 2 for a phenyl acetylene triradical) were explored
for the triradical series to prevent such side reactions and
have been shortly reported elsewhere.'! Coupling the imi-
dazolidine precursors (NNH) through route A ended up
with side products, even if direct introduction of
[PACI,(PPh;),] instead of in situ generation reduced the de-
hydration processes. However, this procedure leads to the
isolation of the hetero-triradicals INNNpNN and dilNpNN.
The route consisting in coupling the paramagnetic building
blocks (B), which was nicely used in some related pyridine
compounds,™ did not give any of the target compounds
even when performed with other amines than triethylamine
to fasten the reaction' (diisopropylamine, pyrrolidine), due
to the fast decomposition of the radical fragments. Coupling
the formyl precursors (C) followed by condensation of the
bishydroxylamine with the formylated derivatives and final
oxidation” was the best way to obtain compounds bearing
NN fragments. Hence, the four phenyl acetylene based tri-
radicals were obtained with the following yields: 49 % for
diNNpNN (overall yield through route C), 15% of
INNNpNN (through via A), 22% for diINpNN triradical

R' R! R*
i) i iii)
R S
R R R

A: i) R'=NNH, R*=Br, R*= CCH: [PdCI,(PPh,),], Cul, triethylamine, 80°C,
i) R*=NN, MnO, CH,Cl,

B: i) R'=NN, R?=Br, R®*= CCH: [Pd(PPh;),], amine/benzene

C: i) R'=CHO, R?*=CCH, R*= Br: [Pd(PPh,),J/diisopropylamine/benzene,
i} R*=NNH, bishydroxylamine, MeOH, Ar, iii) R*=NN, MnO, CH,CI,

Scheme 2. Synthetic routes A, B, C for obtaining diNNpNN.
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(selectively through route A) and 54 % of diINpIN from re-
duction of diNNpNN by NaNO, in acidic media. The pre-
cursor of the biphenyl derivative diNNbpNN was obtained
in high yield by using route C by Suzuki coupling!"® of the
5-bromoisophtalaldehyde to the p-formyl boronic acid in the
presence of catalytic amount of tetrakistriphenyl phosphine
palladium catalyst, followed by triscondensation with bishy-
droxylamine. Oxidation of the compound by sodium period-
ate in dichloromethane/water mixture afforded the desired
triradical. Attempts to do the cross-coupling of the NN de-
rivatives instead of the formylated ones did not succeed,
since deboronation of the boronic acid occurred, as reported
in other cases.'” To obtain the tetraradicals, coupling 1,3-
bis(1,3-hydroxy-4,4,5,5-tetramethylimidazolin-2-yl)-5-ethy-
nylbenzene (Part II) to either dibromobenzene or diioben-
zene in the presence of diisopropylamine and tetrakistri-
phenyl phosphine palladium was performed. The compound
was precipitated and directly oxidised to give the tetraradi-
cal tetraNN with an overall yield of 9% when dibromoben-
zene was used and 17 % with diiodobenzene. When the pre-
cipitated compound was dehydrated with 15% SeO, prior to
MnO, oxidation,™ tetraIN could be isolated in a 31%
yield. The other pathway, using 1,3-diethynylbenzene and
the brominated biradical precursor did not lead to the target
tetraradicals, since degradation by homocoupling or poly-
merization side reactions of the 1,3-diethynylbenzene occur-
red. All compounds were characterized by elemental analy-
sis and FAB spectrometry.

Intramolecular magnetic exchange coupling: The EPR spec-
tra of the oligoradicals were recorded in dilute (ca. 107-
10~* mol) dichloromethane/acetone (1:1) solutions.

Triradicals: The NN substituted triradicals diNNpNN
(Figure 1) and diNNbpNN showed the expected thirteen
line spectrum corresponding to the strong exchange limit,
that is, the exchange interaction between radical fragments J
is much larger than the hyperfine coupling constant
(hfce).?! The EPR spectra in fluid solution are well repro-
duced™ with the parameters reported in Table 1. The spec-
trum of diINpNN could not be properly simulated. An
asymmetry is observed, which is attributed to the superposi-
tion of conformations in strong and weak exchange, result-

dY/dH / arb. units

3465 3480 3495
H/G

Figure 1. Room temperature EPR spectrum of triradical diNNbpNN in
solution (CH,Cl,/acetone). The simulated spectrum matches perfectly the
experimental spectrum.
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Table 1. EPR parameters ("N hfcc values for non-equivalent nuclei, g
factor, line width, Gaussian/Lorentzian line shape ratio) used to simulate
the EPR spectra of the various triradical derivatives in solution at room
temperature.

Compound  ay[G] axn[G] anx3[G] g AB/G  Gauss/Lorentz

diNNpNN  2.50 - - 2.0067 1.8 100
diNNbpNN  2.50 - - 2.0066 1.4 100
INNNpNN  2.50 3.10 1.42 2.0063 1.1 100
diINpIN 3.05 1.45 - 2.0059 1.4 50
dilNbpIN 3.02 1.51 - 2.0060 1.4 80

ing in the triradical signal (strong exchange) superimposed
with the biradical and monoradical species (weak exchange).
These different species have slightly different g values, thus
explaining the asymmetry of the spectrum. The superposi-
tion of contributions from monoradical and biradical is also
required to improve the simulation of the EPR spectrum of
diINpIN. Notably the overall appearance of the spectrum of
for example diINpNN strongly depends on the used solvent,
that is, aromaticity, polarity, bulkiness. This stresses the ef-
fects of molecular conformation on the exchange coupling,
as recently evidenced in trimethylenemethane-based diradi-
cals.”! Actually, if the rotation barrier of the radical frag-
ments with respect to the magnetic coupler is low enough in
energy, the molecular conformation strongly depends on the
molecular environment. In turn, the exchange coupling de-
pends on the molecular conformation. Therefore, dynamical
effects are expected in fluid solution, and the determination
of the exchange coupling in a frozen solution should better
be considered as a conformational average. It turns out that
in Part II, we could estimate such average values in frozen
solution as being close to the corresponding values in the
crystalline state, that is, for one dominant conformation.
This is also verified in the present work.

In frozen solutions, the characteristic spectrum of a quar-
tet state exhibits five transitions, with a distance of 2D’y
(zero field splitting, ZFS parameter) between the two inter-
nal lines and 4D’y between the two external ones.*! The
value of the D'y, can be related to the triplet ZFS parame-
ter D'y by the relation D’'o,=D’1/3, provided that the dipo-
lar interaction between the biradical part and the monoradi-
cal can be neglected. Since the distance between those is
quite long, this relation can be used for the present triradi-
cals. We could thus compare the conformation of the biradi-
cal part to the biradicals previously studied in frozen solu-
tions (Part IT), so as to know whether we could expect the
same magnetic exchange interaction through the m-phenyl-
ene fragment of these triradicals.

The frozen solutions were studied in a dichloromethane/
acetone 1:1 mixture at a concentration of 107> m. The central
line present on all spectra is due to the population of the
doublet (Figure 2). A half-field “forbidden” AM¢=+2 tran-
sition is observed for all compounds. However, no AMy=
+3 transition could be observed. The experimental ZFS pa-
rameters are reported in Table2 in magnetic field units
(D',E'=0). As shown in Table 2, the conformation of the m-
phenylene biradical fragment (diNN moiety) within

Chem. Eur. J. 2005, 11, 24402454 www.chemeurj.org
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dY/dH /arb. units

e
3250 3300 3350 3400 3450
H/G

Figure 2. EPR spectrum of triradical diINpNN recorded in frozen so-
lution (CH,Cly/acetone) at T=12 K. In the inset is shown the half-field
line (AMg=+2) recorded with different spectrometer settings.

Table 2. Experimental ZFS splittings (D’4) estimated in Gauss from the
quartet lines of the EPR spectra of the triradical derivatives in frozen so-
lution. The second column refers to the relation: D'q,=D’1/3, and the
last column (D*;) is given for the sake of comparison with the previous
results obtained for the isolated m-phenylene based biradical fragments
(Part I1).%!

D'oi[G] D'[G] D [G]
diNNpNN 32+4 9612 100-115
INNNpNN 18+1 54+3 67
dilNpNN 26+2 78+4 90
dilNpIN 262 78+4 90
dilNbpIN 23+ 2 696 90
diNNbpNN 39+4 117+12 100-115

diNNpNN and diNNbpNN is quite close to the related iso-
lated biradicals; the D’y value has been taken from Part I1.2
The other derivatives exhibit lower D'} values as compared
with the related isolated biradicals. This modification of the
torsion of the radicals with respect to one another should
thus affect the magnetic interactions through the m-phenyl-
ene magnetic coupling unit.

In the present work, the intramolecular exchange interac-
tion has been assessed within some triradicals from the care-
ful recording of the temperature dependence of the EPR
susceptibility, that is, the doubly integrated EPR signal
yepr-"2%® The usual Curie plot (ygpr Vs 1/T) is linear for
all compounds. It is well known that the observation of
the AMs==2 peak does not allow to conclude definitely to
the quartet ground state against a triplet spin species. The
forthcoming assessment of the quartet ground state is sup-
ported by i) the fit of the temperature dependence of the
EPR susceptibility, which relevance is strengthened by the
previous knowledge of the exchange coupling of the m-
phenylene based biradical moiety (PartII), and ii) the re-
sults of computations performed at the DFT level for the
molecular conformation found in the crystalline state. A
consistency check is further given by the present studies of
the magnetic properties of these triradicals in the solid state.
In most cases, the temperature dependence of the peak-to-
peak amplitude, A, of the half-field signal is representative
of the evolution of ygpr versus temperature, since no signal
distortion is observed throughout the studied temperature
range. A similar behaviour has been observed in the study
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of the integrated EPR susceptibility for both the AMg=+2
and the AMg==+1 absorption lines, as shown on Figure 3.
The ygprT curves were normalised at high temperature to
1.125 emu K mol ™, which is the value expected for three non
interacting spins S="/,.

T; A T/arb. units
I3

Xgpr

Figure 3. Temperature dependence of the 7T product of the AMs=1 (@)
and AMs=2 (V) EPR lines together with the product of the peak-to-
peak amplitude by temperature of the AMs=2 (o) for the triradical
diNNpNN. The full line is the fit of the data to Equation (1).

The data are fitted to the model depicted in Scheme 3.
Three interacting S="'/ spins are distributed at the apexes
of an isosceles triangle (Scheme 4) with two different inter-
actions J; and J, assuming that the g factor of each spin is
equal to the free electron value, this model yields the fol-
lowing temperature dependence of the 7 product

[Eq. ()]

mO“m 2]
Il
®

B0

HZ*J1(§1‘-§2 +8§; 8, )*Jzéz .S,

Scheme 3. Isosceles triangle model with the corresponding Hamiltonian
used to model the magnetic behaviour of the studied triradicals.

O J, through m-phenylene

-«— J, through phenyl acetylene

Scheme 4. Symmetrical four-spins system modelling the magnetic interac-
tions within the studied tetraradicals.
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T = 0375 (10 + exp(—A /kT) + exp(—Az/kT))

2 + exp(—A,/kT) + exp(—A,/kT) (1)
with A, = 3/,/2 and A, = (J, +2J,)/2.

The homo-triradical diINbpIN could not be studied be-
cause of the weakness of the half-field transition. The results
of the fits to Equation (1) for the EPR data of all com-
pounds are summarized in Table 3. First of all, the quartet is
found being the ground state for all studied triradicals.
Hence, a ferromagnetic exchange interaction is effective
through the m-phenylene unit and the phenyl acetylene or
biphenyl unit between the present IN/NN radical fragments.
It has to be pointed out that the magnitude found within the
biradical part is in full agreement with those found in the
biradical series (Part II), thus showing that EPR is a power-
ful experimental tool as long as careful studies are per-
formed on dedicated series of compounds. Within the
phenyl acetylene derivatives, the nature of the radical (NN
or IN) on the biradical fragment has a direct influence on
the magnitude of the exchange, as previously demonstrated
in the biradical series. It is worth noting that a similar rule is
found for triradicals, that is, a NN fragment connected para
to the biradical part leads to a better delocalisation of the
spin density on the phenyl acetylene coupler (cf. J,/k) com-
pared with an IN fragment. Moreover, the idea that con-
necting a triplet entity may modify the magnetic interaction
through the phenyl acetylene coupler is demonstrated here,
since the magnetic exchange is greater through the phenyl
acetylene for the diNNpNN triradical than for the reported
biradical NNpNN (Part I).l! The modification is quite small,
but still corroborates some results found on more robust
triplet entities. Moreover, the ferromagnetic coupling is defi-
nitely proven experimentally for NN or IN radical fragments
substituted in the 1,3- or 1,5-positions, that is, in the para—
meta position, on a phenylene—ethynylene magnetic cou-
pling unit. This could not be assessed experimentally in
Part 1.1

To have an independent indication that the quadruplet is
the ground state in all these triradicals we carried out
B3LYP/3-21G(d) calculations at their crystal geometry de-
picted in the section devoted to the solid-state properties.
Some of the methyl groups are disordered in these crystals.
In this case, we took for our calculations the option in which
the methyl groups are closer to an alternated arrangement,
with the C-C distance equal to the average one for the
other methyl groups and the C-H distance equal to 1.1 A.
At this geometry, we computed the energy for the quadru-
plet and doublet states, imposing tight accuracy in the com-
putation of the integrals and in the convergence of the self-
consistent process. The results for all radicals show that the
quadruplet is the ground state in all cases. The experimental
and the calculated quadruplet-doublet splitting (A,) are
given in Table 4. The given results are for the doublet spin
being localized in the radical fragment being connected to
the singly substituted phenyl ring. Although two more dou-
blet spin configurations may be considered, this spin distri-
bution yields the lowest energy. A good agreement is found

www.chemeurj.org  Chem. Eur. J. 2005, 11, 24402454
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Table 3. Values of the exchange coupling (expressed in K) through the m-phenylene magnetic coupling unit
(J2/k), and through the phenyl acetylene or the biphenyl magnetic coupling unit (J,/k) deduced from the fits of
the EPR data to Equation (1). The last row gives previous data (Part II) obtained for the isolated m-phenylene

based biradicals, to be compared with J,.

FULL PAPER

presents sign alternation in all
centers, being the largest
atomic spin population (com-

puted using the Mulliken analy-

Exch li diNNpNN diNNbpNN INNNpNN dilNpIN diINpNN . . .
Tenafiee conpne 4 op P s s sis) 0.06 atomic units (au). The
Ji/k [K] T7+2 7+£2 +7+2 0.7+0.1 1.0+0.5 _ .
central C—C bond connectin,
Jlk [K] 2344 10+7 15+1 6.5+1 +6.5+4 . K _g
Tk [K]? 2040 20-40 1325 515 515 the two six-membered rings in

Table 4. Experimental and calculated quadruplet-doublet splitting (in K)
for the studied triradicals.

Q-D split- diNNpNN diNNbpNN diINpIN diINpNN INNNpNN
ting; A/K

experiment 27 14 7 7 19

theory 67 139 16 8 40

[a] the unknown geometry has been chosen similar to the geometry of
diINpIN, as suggested by the EPR results in frozen solution.

between theory and experiment when the m-phenylene bi-
radical moiety of the triradicals is diIN, as previously ob-
served for the singlet-triplet splitting of the isolated biradi-
cal (Part IT). When dealing with diNN as the m-phenylene
biradical moiety of the triradicals, the theoretical values are
quite overestimated as already found in the corresponding
isolated biradical (Part IT). It has to be noticed the largest
quadruplet—-doublet found theoretically for the biphenyl
magneto-coupler in diNNbpNN, whereas the experimental
results point to a similar efficiency than the phenylene-ethy-
nylene magnetic coupling unit. Indeed, the synthesis and the
study of diNNbpNN were motivated by the idea that the bi-
phenyl magnetic coupling unit may be more efficient than
the phenylene—ethynylene one. However, neither the
“thought experiment” nor the theoretical predictions could
lead to the proper conclusion. Both the diNNpNN and
diNNbpNN radicals present values well above the other tri-
radicals (46.7 and 96.7 cm™! vs. 5.7, 27.6 and 11.17 cm ™). It
is possible that the density functional methodology comput-
ed doublet—quadruplet energy differences are not complete-
ly reproduced, though previous estimates with other com-
pounds indicate that these differences are within 10% of the
experimental result. We expect that in this family of com-
pound, whose structure is quite similar, the errors to be also
constant. Thus, even if some error could exist, the trends be-
tween compounds are expected to remain. Therefore, these
results suggest new molecular designs to induce stronger fer-
romagnetic interactions (the use of the diNNpNN and
diNNbpNN radicals). We have not analyzed yet the reasons
behind their stronger ferromagnetic interactions, but a first
look indicates that are complex.

According to previous studies on nitronyl nitroxides and
imino nitroxides, the quadruplet presents an electronic
structure where the spin is located essentially over the
ONCNO and ONCN atoms of the five-membered ring,
being negative in the central C(sp?) atoms and negative over
the remaining atoms (see Figure 4). The six-membered ring
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the XpX' radicals preserve the
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diNNbpNN

diNNpNN

Figure 4. Spin density computed for some of the indicated triradicals at
the UB3LYP/3-21G(d) level. The surfaces plotted are those of 0.002
atomic units of electronic density (positive in white, negative in black).
The maximum of spin density is, in all cases, located in the NCNO or
ONCNO five-membered ring group of atoms.

sign alternation (one has a spin population of 0.03 au and
the other —0.03 au). It is also worth noting that the spin al-
ternation is preserved in these radicals despite the lack of
planarity between the two six-membered rings, and also be-
tween the five- and six-membered rings.

The influence of the conformation of the coupling unit
may be considered by comparing the through magnetic cou-
pling unit intramolecular interactions in the diNNpNN and
the diNNbpNN triradicals. The phenyl rings in the phenyl-
acetylene magnetic coupling unit in diNNpNN are twisted
by 13°, whereas the biphenyl magnetic coupling unit in
diNNbpNN is quite distorted with a dihedral angle of 36°
between the phenyl rings. However, the exchange coupling
J, is not much weakened through the biphenyl magnetic
coupling unit compared with the phenyl acetylene one. De-
spite the longest through bond exchange pathway, the rigid
and conjugated phenyl-acetylene bridge could be expected
as being more efficient than a shorter but distorted one as is
the biphenyl unit. Related to Part I of our work, this again
points to the role of the sp hybridization through the acety-
lenic bond as a softener of the magnetic transmission.

Tetraradicals: In dilute solution, the EPR spectrum of tet-
raNN is expected to give 17 lines due to the hyperfine inter-
action of the unpaired electron with eight equivalent “N,
whereas tetralN should give 25 lines. However, the through-
space dipolar interactions between the biradical fragments
broaden the individual components of the hyperfine struc-
ture to result in a large envelope. Within such tetraradicals,
we assume that the magnetic interactions are symmetrical
with respect to the central phenyl ring (Scheme 4). Having
noticed that the triplet species are not robust enough to con-
sider that the triplet state is fully populated over the studied
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temperature range, the following Hamiltonian yields the ei-
genstates of the four-spins system [Eq.(2)] depicted in
Scheme 4:*")

H=-J(S 8 +8 8 2
S S+ 88+ 88 4 8, - 8

The spin multiplicities are given as one quintet, QS5, three
triplets, T;, and two singlets, S;. In frozen solution and for
weakly coupled biradical fragments as it is the case here, the
ZFS parameter for the quintet state, D'ys, can be related to
each radical by the relation D'gs=(D'r+ D'1,)/6.5% Both
biradicals are equivalent, so that D’'gs=D"t/3 allows us to
compare the conformations of the biradical fragments in the
tetraradicals to the isolated biradicals as previously done for
the triradical derivatives. The EPR spectra due to the
AMg=+1 transition in frozen solutions can be due to the
thermal population of the quintet and the triplets. The exter-
nal lines from these states coincide so that the quintet state
can be followed by its more internal lines. For the tetraradi-
cal tetraNN, the broadening prevents assignation of the
lines, whereas some shoulders appear more distinctly in the
tetraIN spectrum (Figure 5). The internal lines are separated

dY/dH / arb. units

-1 . . ,
3200 3300 3400 3500
H/G

Figure 5. EPR spectrum of tetraradical tetraIN recorded at 4 K in frozen
solution (CH,Cl,/acetone). In inset is shown the half-field line (AMs=
+2) recorded with different spectrometer settings.

by 180 G which gives D's=30£1G and D't=90+£3G.
This value is found to be the same as for the corresponding
m-phenylene based biradicals (see Table 2). Therefore, the
strength of the exchange coupling is expected to be between
5 and 15 K as in the latter compounds. A peak correspond-
ing to the AMg=+2 transition is detected for both tetraradi-
cals, whereas the AMg=+3 and AMg=+4 lines could not
be detected. As for the triradical derivatives, the knowledge
of the S-T splitting of the biradical fragments together with
the studies in the solid state will allow defining properly the
magnetic ground state. However, two outer extra features
with a lower intensity are observed on the side of the half-
field line (Figure 5). This specific pattern has been observed
for other species and can be considered to be characteristic
of §>2.2% The presence of this signal on the whole range of
temperature ascertains the population of the quintet. The
AMy=+1 and AMyg=+2 transitions have been recorded in
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the 4-100 K range, but the AMg==1 signal saturates over
the whole range of temperature at all incident microwave
power. Since the line shape does not change with tempera-
ture within this temperature range, the thermal behaviour of
the EPR spin population involved in the half-field line is
plotted as A,,T versus T on Figure 6. The decrease of A,,T

A T /arb .units

L ( 1 A |

0 10 20 30 40 50 60
T/K

Figure 6. Temperature dependence of the product of the peak-to-peak
amplitude of the EPR half-field line by the temperature for the tetraradi-
cals tetraIN (m) and tetraNN () in frozen solution.

with the temperature means the depopulation of a high spin
state to a lower spin state. The fitting by a four spin model
is not relevant given the required large number of parame-
ters for such a smooth variation. Numerous couples of (/;,
J,) values yield a satisfactory correlation for the least
squares fitting procedure. With respect to the previous re-
sults, modelling with a biradical interaction of +25K and
an antiferromagnetic interaction of —5 K through the phenyl
acetylene coupler could reproduce the behaviour of tetraNIN.

It can be qualitatively deduced from this study that the
singlet is the ground state for both tetraradicals. This will be
further discussed when considering the magnetic properties
in the solid state. It is worth reminding that the singlet
ground state has been found in related m-phenylene based
phenyl acetylene biradicals (Part I). The present results con-
firm that the phenyl-acetylene magnetic coupling unit with
this connectivity to IN or NN radicals does not obey the
topological rules. It has to be pointed out that for stronger
triplet species such as nitrenes, the same coupler gave ferro-
magnetic coupling.’)

Solid-state properties: A convenient and widely used way to
relate the magnetic properties to the molecular packing is to
consider the signs of the spin densities involved in the short-
est intermolecular contacts. The sign of the intermolecular
exchange coupling is then attributed according to McCon-
nell’s first proposal.”” The same sign of the spin densities at
contact yields an antiferromagnetic coupling, whereas oppo-
site signs would result in a ferromagnetic coupling. Howev-
er, careful analysis have pointed out that the successful ap-
plications result from errors that compensate.”! Neverthe-
less, we have reported in Part II that the study of a series of
isostructural biradicals leads to a good analysis of the mag-
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neto-structural properties. Indeed, the substitution of the IN
radical by the NN radical slightly modifies a few contacts
upon suppressing one oxygen atom. A way to simplify the
analysis of a molecular packing within a crystal structure
consists in determining the primary, secondary and tertiary
patterns related to the strength of the hydrogen bonds in
the structure. At intermolecular distances shorter than 5 A,
the contacts are considered between the molecular frag-
ments known to bear the spin density, for example, between
NO and any other atom. These are reviewed within each
structure, considering the geometry of the contacts by using
the QUEST program of the Cambridge Data Base for crys-
tallographic data.®!! In the present study, such an analysis
suggests a pathway for the intermolecular magnetic ex-
change. It results in a model for the description of the exper-
imentally determined magnetic properties.

Phenyl-acetylene based triradical: The compounds
diNNpNN, INNNpNN and diINpNN crystallised in the
same space group P2,/n with very similar cell parameters
(Table 5), as briefly reported in a previous communica-
tion.'! A dichloromethane molecule is included in the unit
cell, and the crystals remain solvated at room temperature.
Compound diINpIN crystallises in the same space group but
with different cell parameters, since there is no solvent mol-
ecule. In the case of INNNpNN, disorder is present on the
internal oxygen atoms O, and Oy (Figure 7). The three ter-
minal radical fragments, that is, the five-membered rings,
are numbered as cycle 1, 2, 3. The oxygen atoms O; and Os
(external positions) have a probability of presence of 90 %,
which is coherent with the external position solely observed
in diINpNN. The internal oxygen atoms have a probability
of presence of 60%. Hence, cycle 1 has an equal probability
to be either a NN or IN fragment. Moreover, the IN cycle
has only 10% probability to have the oxygen in an internal
position. The dihedral angle between the phenyl rings and
the planes of the ONCNO frag-

ments is reported for the differ-

ent compounds in Table 6. —

In the following, we will ‘
focus on the series of isostruc-
tural compounds, hence discard-
ing the diINpIN compound.
Weak hydrogen bonds (C(sp?)-
H--O) and m-m stacking at
3.6 A between the aromatic
cycles generates head-to-tail \
dimers of triradicals related by
an inversion centre. Two types
of short contacts between the
ONCNO fragments are found
within these dimers (Table 7).
The proximity of oxygen O,
(cycle 1 of molecule 1) and
cycle 3 of molecule 2 generates
contacts gathered in group 1.
Three contacts are gathered in

C=45%
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Table 5. X-ray crystal structure and lattice parameters of the phenyl acet-
ylene based triradical derivatives.

diINpNN INNNpNN  diNNpNN diNNbpNN
formula CisHiNgOy CisHigNgOs+ CisHygNgOgr - Cy3HusNOy
CH,Cl, CH,Cl, CH,Cl,
F, 696.70 712.70 728.70 619.75
crystal system  monoclinic  monoclinic = monoclinic triclinic
space group P2\/n P2,/n P2,/n Pl
a[A] 12.414(2) 12.297(1) 12.2541(7) 9.7410(2)
b[A] 18.2021(9) 18.283(2) 18.293(2) 12.3790(5)
c[A] 16.643(1) 16.796(2) 16.892(2) 15.3730(7)
Bl 93.712(8) 93.88(2) 93.877(7) 104.567(1)
V[A?Y 3752.8(9) 3767(1) 3771.9(1) 2635.1(3)
V4 4 4 4 2
o [gem™] 1.23 1.26 1.28 1.27
data collected 5505 5794 6945 9119
data used for 2935 2370 2451 4701
refinement
I1>3
a(l)
R(I) 0.084 0.058 0.061 0.046
R,(D) 0.094 0.083 0.083 0.066

group 2, which involves short contacts between NO frag-
ments terminated by O, and Oy and belonging to neighbour-
ing molecules. As there is no occupied O, position in
diINpNN, only contacts of group 2 are found for this com-
pound. For diNNpNN and INNNpNN, the shortest contact
in group 1 is found at 3.16 A between the central carbon Cg
from cycle 3 (monoradical fragment) and the oxygen O, of
cycle 1. For INNNpNN, this short contact is present in only
55% of the cases, since O, site is not always occupied. No
contact at a distance shorter than 4.5 A is observed between
the described dimers of triradicals, so that they can be con-
sidered as almost isolated with respect to magnetic path-
ways. The interatomic distances measured for the various
contacts within different groups are reported in Table 7. The
magnetic behaviour of the four synthesized derivatives is re-
ported in Figure 8. As expected for such triradicals, the y7T°

cycle 3
A&B:
cycle 1=IN
cycle 2=NN
N\Os
B=5%
"internal”, positions "external" positions
0 :
/N 0\2
o} hl C&D:
- cycle 1=NN
Os — N cycle 2=IN
e N O
4>(” :

D=5%

Figure 7. The four possible representations of the INNNpNN molecule with respect to the disorder: A, B, C,
D give the corresponding probability as deduced from the XRD analysis.
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Table 6. Dihedral angles formed by the radical cycles (numbering
scheme defined in Figure 7) and the nearest phenyl ring within the four
different triradical derivatives.

Compound Cycle 1[°] Cycle 2[°] Cycle 3[°]
diNNpNN 46 26 18
INNNpNN 43 25 17
diINpNN 37 22 15
diINpIN 21 3 17

Table 7. Summary of the shortest interatomic distances (intermolecular
contacts, in A) found between the ONCNO fragments within dimers of
triradicals. Bold figures point to the shortest contacts.

Contacts Group diNNpNN INNNpNN diINpNN
050, 2 3.68 3.69 3.84
OsN, 2 3.47 3.53 3.53
OsN; 2 3.80 3.83 3.69
N;--O, 1 3.30 3.29 -

N,-O, 1 3.46 3.42 -

0,0, 1 3.77 3.68 -

O -Cy 1 3.16 3.16 -

-1

xT/ emu K mol

03k -
0 50

100 150 200 250

T/K
Figure 8. Temperature dependence of the static susceptibility (SQUID
magnetometer measurements; applied magnetic field=0.5 T) represented
as the yT product for triradical derivatives: @ diINpNN; o diNNpNN; <
INNNpNN ; A diINpIN. For the sake of clarity only 33% of the experi-
mental data points have been plotted. Full lines represent the fits to the
six-spins model depicted in Scheme 6.

product is close to 1.125 emuKmol™! at room temperature.
For diINpIN and diINpNN, the y7 product remains un-
changed as the temperature is lowered down to 10 K, where-
as for diNNpNN and INNNpNN, a slight increase is ob-
served to reach a maximum at 145K of 139 and
1.28 emuK mol ™' respectively. This behaviour points out the
presence of a ferromagnetic interaction within these molecu-
lar crystals. However, the further decrease at lower tempera-
ture indicates for all compounds that a neat antiferromag-
netic intermolecular interaction dominates the magnetic
properties in the low temperature regime.

The overall magnetic behaviour of diINpIN and diINpNN
underlines weak magnetic interactions, as revealed by the
flat Curie-like behaviour above 10 K. This is well under-
stood when considering the intramolecular ferromagnetic
couplings J; and J, for the isolated triradicals. A comparable
or lower intermolecular antiferromagnetic interaction domi-
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nates the magnetic behaviour of these compounds at lower
temperature.

Within the series of isostructural derivatives, the observed
distinct behaviours may have two origins. The first modifica-
tion of the magnetic exchange could be explained by the dif-
ferent contacts within the dimer of triradicals. Indeed, the
presence of the ferromagnetic component in INNNpNN and
diNNpNN can be related to group 2 of contacts, which is
not involved in the structures of diINpNN. It has to be no-
ticed that the short contact between a central carbon (Cy)
bearing negative spin density and a nitroxide bearing posi-
tive spin density should result in a ferromagnetic interaction
according to McConnell rules. However, in order to assign a
given magnetic pathway, the detailed geometry of the con-
tacts has to be considered and it should be compared with
other similar compounds as previously discussed” and as
demonstrated in Part II. To achieve this, we have chosen the
biradical diNNtmsa (Scheme 5); its structure and magnetic

b) OB\

A, (7’/4 ‘JA f\:a/c\;g

~
O,—N Ng: On Og
N N A A\CA/ B

Aj=angle N,O,Og; A,=angle NgOgO, ; d=distance 0,0

I P Ts
Na—C
SiMe, TgZ/ \
N

“
OFNA\C /NA‘—G On Og
A TZ

T,=torsion NoO,OgNg ; T,=torsion C, NyO,Og; Ty=torsion Cg NgOgOp

Scheme 5. a) Molecular scheme of the diNNtmsa biradical derivative.
b) Definition of the geometrical parameters (distances, angles and tor-
sions) for the description of the intermolecular contacts within dimers of
diNNpNN and diNNbpNN compounds.

properties have already been reported in PartIL" This
compound exhibits a similar pattern, which was found to
generate unambiguously a ferromagnetic intermolecular in-
teraction. The geometries are reported in Table 8 according
to the definitions given in Scheme 5b. It appears that the ge-
ometries at these contacts are very similar, so that we can
infer the existence of a ferromagnetic intermolecular path-
way through these contacts observed within the dimers of
triradicals in compounds diNNpNN and INNNpNN. More-
over, its magnitude could be close to 10K as found in
diNNtmsa. In a first approach, this may explain why the fer-
romagnetic trend is weaker in INNNpNN than in
diNNpNN, since these contacts are altered by disorder in
the former.

Not only the possible intermolecular magnetic interac-
tions but also the intramolecular ones are different for the
three compounds, as it has been demonstrated from the
EPR studies of the triradicals in frozen solution (Table 3). It
has been considered that the dihedral angle of the biradical
fragment with respect to the phenylene ring is close to 30°.

www.chemeurj.org  Chem. Eur. J. 2005, 11, 24402454


www.chemeurj.org

Magnetic Interactions

Dihedral angles of 42 and 21° are found within the biradical
fragment of diNNpNN. Therefore, a similar value of J; is ex-
pected for diNNpNN in frozen solution and in the solid
state. The moderate torsion of cycle 3 (17°) should as well
give a comparable value of J, in frozen solution and in the
solid state. The simplest way to consider both intramolecular
and intermolecular effects within the dimers of triradicals is
given in Scheme 6 with a six-spins cluster with the parame-

through bond : ’
Ji,J2

through space :
Jy o ----

A= dy(81a8; + 81085 |- J5(8108; + 85085 + $y e85 + 8548y
—U3(85e8s + 80 e8s)-Ua(81n85 + §1085)
Scheme 6. The six-spins system and its model Hamiltonian used for the

simulation of the behaviour of the head-to-tail stacked dimers of triradi-
cals formed in the solid state of diINpNN and diNNpNN.

ters J; and J, as the intramolecular coupling constant, and
Js, J, as the intermolecular coupling constant related to
group 1 and group 2, respectively, previously defined types
of contacts (see Table 7). Based on the previous results,
some conditions may be fixed so as to reduce the number of
parameters, hence improving the relevance of the fitting pa-
rameters. It is first noted that the previous measurements in
the isolated state yield estimations of J, and J,. Therefore, J;
has been fixed between 0 and 40 K allowing the experimen-
tal data to be well adjusted for the diINpNN and diNNpNN
(continuous lines in Figure 8) with the following sets of
values in temperature units for diNNpNN (/,,/,) =(+30.5+
31K,+123+£0.6K); (J3J5)=(+15.1+£09K,~17.7+1.2 K);
and for diINpNN (/,.J;)=(+2.0£0.1K,+0.0£0.02 K);
(J3,J5)=(0K,—6.36+0.03 K). For these simulations, the g
factor has been set to the free electron value. The set of
values refined for the intramolecular exchange coupling is in
good agreement with that found in the isolated state. For
INNNpNN, a rough agreement is found upon setting (/,,/,)
to the values found in the isolated state, that is, (J;,/,)=
(+15K,+7 K). This procedure yields (J3,/5) = (+12 K,—14 K),
thus ascertaining the observed behaviour of diNNpNN and
of diINpNN. It is worth noticing that the present set of
(J3,J5) for INNNpNN does represent an average value for
two sets, with and without J;, with respective weight 55 and
45% as deduced from the analysis of the molecular packing.
Along this line, and although being quite fortuitous, it may
be noted the almost perfect overlap of the weighted sum
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(45/55) of the experimental susceptibility data of diINpNN
and diINpNN with the data of INNNpNN. As concluded in
the analysis of the crystal structure, the group 1 contacts re-
sults in a ferromagnetic interaction depicted by J; in
diNNpNN and in INNNpNN. Its magnitude is in agreement
with the value found for similar contacts in diNNtmsa
(~10K). As expected, J, is antiferromagnetic for all com-
pounds. However, a value of 17 K is probably too high to be
solely ascribed to the small difference of geometry between
diINpNN and diNNpNN. This approach is certainly still
oversimplified, but is interestingly consistent with both pre-
vious magneto-structural correlations and the intramolecular
exchange coupling found through studies in the isolated
state.

Triradicals based on the biphenyl coupling unit: Single crys-
tals were obtained only for diNNbpNN and the crystal struc-
ture could be refined, leading to the following parameters:
triclinic space group PI; with lattice parameters: a=9.741,
bh=12.379, c=15.373 A, a=104.567, $=98.477, y =110.690°,
Z=2. No disorder is observed for the asymmetric unit (see
Supporting Information), and the torsion angles between
the imidazolidine and the phenyl rings range between 10
and 22°. Short contacts C(sp®)-H--O and C(sp®)-~N lead to a
primary structure, which is made of dimers (molecules A
and A’ in Figures S16 and S17) further connected to build
up chains. Within the dimers, some short contacts are pres-
ent between ONCNO fragments, due to the proximity of
N;0; groups: two contacts O;--Os at 3.75 A and 050 at
4.02 A, two contacts at 3.30 A (O5-Njs) and 3.50 A (O5Ny)
and the shortest contact O;~C, at 3.03 A. Along the a axis,
the proximity of N,O, groups of two molecules belonging to
two different dimers leads to a short contact of O,-O, at
3.85 A between the dimers: this extends the primary struc-
ture into the chains (see Supporting Information). Further
short contacts are not observed between these chains. As for
the diNNpNN derivative, a comparison of the geometry of
the dimer within the two derivatives diNNtmsa and
diNNbpNN shows that these molecular packings have simi-
lar geometries at contacts except for the O--O contact
(Table 8).

The yT product reaches 1.11 and 1.03 emuKmol™' at
room temperature for diNNbpNN and diIlNbpIN, respective-
ly (Figure 9). For diINbpIN, antiferromagnetic interactions
dominate the overall behaviour down to 2K. For

Table 8. Comparsion of the detailed geometries as depicted in Scheme 5
for two similar intermolecular contacts within diNNpNN, diNNtmsa®?
and diNNbpNN. C, reads for C, or Cg in the ONC,NO ring of
Scheme 5.

diNNpNN diNNtmsa! diNNbpNN
Contact d[A] d[A] d[A]
(ALA T L T[] (ALA T T T[] (ALATL LT[
CyO 3.16 3.03 3.03
(123, 94, 84, 83,85) (138, 98, 89, 85,73) (125, 96, 83, 85, 75)
0--0 3.77 3.70 3.75

(140, 62, 82, 88, 62) (156, 62, 78,77, 55) (100, 60, 41, 65, 57)
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Figure 9. Temperature dependence of the static susceptibility (SQUID

magnetometer measurements; applied magnetic field=0.5 T) represented
as the yT product for triradical derivatives: @ diNNbpNN; o diINbpIN.

diNNbpNN, a maximum is observed by about 14 K with a
value of 1.37 emuKmol . Such a ferromagnetic interaction
is attributed to the intramolecular magnetic exchange as ex-
pected from the results on the isolated triradicals. The de-
crease of y7T at lower temperature indicates the competition
with intermolecular antiferromagnetic interactions. The tor-
sion angle between both rings of the biphenyl unit is quite
large in the crystalline state, and we assume a J, coupling
lower than 7 K as assessed in frozen solution. From an inter-
molecular point of view, the presence of a short contact be-
tween the central carbon and a nitroxide could again be re-
sponsible for some ferromagnetic interactions. The ferro-
magnetic component can thus be attributed to both intramo-
lecular and intermolecular magnetic exchange. However,
the six-spins cluster previously considered for almost isolat-
ed dimers of triradicals within diNNpNN and diINpNN does
not yield a satisfactory fit of the data in the case of
diNNbpNN. The interdimer interactions have to be consid-
ered, since short NO-NO contacts are observed between
the biradical fragments of the triradicals as described
before. Therefore, a proper but quite complicated model
may be a chain of dimers of triradicals, which is not availa-
ble to us. Moreover, the expected close values of the various
acting interactions would strongly limit the relevance of
such a complicated model, whenever available.

The magnetic behaviour of diINbpIN is not further con-
sidered, due to the lack of knowledge of both, the set of in-
tramolecular exchange couplings (/,,/,) and the crystal struc-
ture determination. Nevertheless, there must be obviously a
strong intermolecular antiferromagnetic interaction.

Tetraradicals: None of the attempts to obtain single crystals
of the synthesized tetraradicals was successful. Therefore,
the previous strategy for the analysis of the magneto-struc-
tural correlations is not applicable. The measurements of
the magnetic properties performed in the solid state
(Figure 10) will be used as a complementary analysis of the
behaviour of the isolated molecule.

For both compounds, the value of y7 is close to
1.5emuK ' mol™! as expected with four independent S=1/,
spins. Antiferromagnetic correlations are observed for both
derivatives at low temperature. Whereas a continuous de-
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Figure 10. Temperature dependence of the static susceptibility (SQUID
magnetometer measurements; applied magnetic field=0.5 T) represented
as the xT product for tetraradical derivatives: @ tetraNN; o tetraIlN. The
full line is the best fit to singlet-triplet equilibrium with a mean-field cor-
rection.

crease is observed throughout the whole temperature range
for tetralN, a plateau with a slight increase is observed by
about 20 K for tetraNN. Let us assume that such bulky mol-
ecules do pack without exhibiting short contacts so that the
tetraradicals are quite isolated in the solid state. Then, the
previously described four-spin model (Scheme 4) may be
considered for the data fitting. Performing such a fit for tet-
raNN shows that neglecting the intermolecular interactions
prevents a proper adjustment to the experimental data. The
results of the fit give complementary indication of the intra-
molecular exchange couplings giving J,=+12+1K, J,=
—2.5£0.1 K. Similar results were obtained with the same
model for the temperature dependence of the EPR signal of
a small amount of polycrystalline powder of tetraNN lead-
ing to J;=414.1+£0.3 K, J,=-2.0£0.1 K. The best fit rep-
resented in Figure 10 is obtained with simple singlet—triplet
equilibrium, that is, J/,=0K, with a mean-field correction
(Curie-Weiss temperature, 0) where J;=+14K, and 6=
—2K, but with a quite irrelevant Curie constant, C=
2.1 emuKmol ™. It turns out that, although being not opti-
mized, both of these approaches yield the proper range for
the interaction J; within each biradical fragment, whereas
the exchange coupling J, through the phenyl-acetylene mag-
netic coupling unit is suggested either vanishing or antiferro-
magnetic. However, the EPR studies in fluid solution have
shown that the tetraradical does not consist in isolated bi-
radical moieties. Moreover, it may be assumed a negative J,,
when referring to our previous report on J, being of the
order —4 to —6 K (Part I).! Therefore, the present estima-
tion of an antiferromagnetic J, corroborates the antiferro-
magnetic interaction through the meta-substituted phenyl-
acetylene bridge, hence yielding the singlet ground state.
This is unexpected, if one refers to the commonly accepted
topological rules.'” Furthermore, substituting a biradical
fragment instead of a monoradical does not significantly
change the through-bond exchange coupling. Worst-case,
the qualitative trend is a weakening of J,. The singlet
ground state in these m-phenylene based di- and tetra-radi-
cal derivatives is not yet understood. Among possible ways,
we may consider the non-robustness of the triplet state here
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considered as compared to for example, nitrenes or car-
benes. Another possible origin may be the spin polarization
combined with the sp hybridization as mentioned when
comparing the biphenyl magnetic coupling unit with the
phenyl-acetylene.

Conclusion

The intramolecular exchange coupling between IN and/or
NN radical substituents within triradical and tetraradical de-
rivatives based on the m-phenylene moiety and linked by
either a phenyl-acetylene or a biphenyl unit, has been prop-
erly assessed in the isolated state with the help of the EPR
technique. The magnetic ground state of the triradicals has
also been determined by DFT calculations. The main con-
clusions are: i) the quartet is the magnetic ground state for
all triradicals and ii) the singlet state is very probably the
ground state for all tetraradicals. Although being not yet
fully understood, this violation of the so-called topological
rules supports our previous findings (PartI)!!! that the
phenyl-acetylene magnetic coupling unit in the meta-con-
nectivity does not yield the high spin ground state. As dis-
cussed in Part II for the related biradical derivatives, the
spin polarisation mechanism is presumably at the origin of
the difference of magnetic coupling between IN or NN radi-
cal substituents. This tends to increase the spin density dis-
tribution over the coupling unit, hence increasing the
through-bond magnetic exchange as exemplified for the
ortho—meta connectivity (/~0 K in NNpNN compared with
J=7K in diNNpNN). The synthesis of isostructural com-
pounds for series of triradicals afforded the possibility of a
careful study based on a previously developed strategy
(Part IT). According to theoretical studies and statistical
analyses, the relation between structure and magnetism re-
quires considering the relative disposition of the whole mol-
ecules in the crystal.’! This paper shows that the comparison
of peculiar patterns is one objective way to deduce magnetic
interaction pathways. The power and the relevance of this
strategy are corroborated in the present work dealing with
larger molecules bearing more magnetically active sites. In
particular, the magnitude and the sign of most interactions
were found similar in the solid state and in dilute solution,
thus strengthening the validity of the various assessments
performed by using either EPR in frozen solution or
SQUID magnetometry. Comparing the peculiar patterns
found in the contact geometries of basic building blocks,
which individual magnetic properties have been properly as-
sessed, is relevant for the comprehensive use of such com-
plex molecules in a bottom-up approach of molecular mag-
netism.

Experimental Section

Materials and methods: Solvents were distilled under argon before use.
In particular, THF was dried over sodium/benzophenone, triethylamine
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over KOH. All the reagents were used as received and purchased from
ALDRICH. 4-bromoisophtaladehyde,” 5-ethynylbenzaldehyde, 1,3-bis-
formyl-5-ethynylbenzene® and 1,3-bis(1,3-hydroxy-4.4,5,5-tetramethyl-
imidazolin-2-yl)-5-ethynylbenzene” were synthesised as reported else-
where. 2,3-Bis(hydroxyamino)-2,3-dimethylbutane (bishydroxylamine)
was synthesised using the procedure described in the literature.”® Thin-
layer chromatography (TLC) was performed on aluminium plates coated
with Merck silica gel 60 F,s,. Microanalyses were performed in the
common facilities of the Institute Charles Sadron. Fast atom bombard-
ment (FAB, positive mode) were recorded on a ZAG-HF-VG-Analytical
apparatus in an m-nitrobenbyl alcohol (mNBA) matrix. 'H and *C NMR
spectra were recorded on a Bruker ARX 300 spectrometer. The EPR
spectra have been recorded on X-band Bruker spectrometer (ESP-300-
E) equipped with a rectangular TE 102 cavity. The static field was mea-
sured with an NMR Gaussmeter (Bruker ER035) while the microwave
frequency was simultaneously recorded with a frequency counter (HP-
5350B). Solutions were degassed by bubbling Argon directly in the EPR
tube prior to measurements. The spin concentration has been estimated
for all powder compounds by comparison with a standard sample (Varian
pitch). It is reported hereafter as Ng (spin per molecule). Temperature
was measured with a thermocouple (AuFe/Chromel) introduced inside
the tube, at 1.5cm from the bottom. As described in Part Il and
Part I much care was devoted to the effects of microwave power satu-
ration effects. At each temperature, the signal has been recorded at vari-
ous power settings for the AMs=2 line and for the AMs=1 line. The var-
ious power levels were selected within different temperature range, de-
pending on the limits for the observation of saturation effects. Magnetic
susceptibility measurements were obtained with a Quantum Design
MPMS/XL SQUID magnetometer.

CCDC-229617 (diINpNN), -229618 (INNNpNN), -229619 (diNNpNN)
and -229727 (diNNbpNN) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif

Theoretical calculations: All calculations presented in this work were
done with the B3LYPP* non-local exchange-correlation density function-
al,®™ using the 3-21G(d) basis Gaussian basis set,* as implemented in
the Gaussian 98 suite of programs.””! The tight option was used to obtain
enough accuracy in computing the integrals and energy.

m,m’-Bisformylbenzene 4-ethynyl benzaldehyde (1): 4-Ethynylbenzalde-
hyde (501 mg, 1.1 equiv) and [Pd(PPh;),] (292 mg, 8 %mol) were added
under argon to 5-bromoisophtaldehyde (532 mg, 2.86 mmol). Benzene
(25 mL) and diisopropylamine (8 mL) were added and the mixture was
kept at 80°C during 15 h. After the solution was cooled down, the ammo-
nium salt was filtered, the filtrate was evaporated and the residue puri-
fied through chromatography on silica gel (CH,ClL,), to give a light
yellow solid (556 mg, 74%). M.p. 168°C; 'H NMR ([DgJacetone): 6=
10.20 (s, 2H, CHO), 10.09 (s, 1H, CHO), 847 (t, 1H, Ph), 8.38 (d, 2H,
Ph), 7.99 (d, 2H, Ph), 7.85 ppm (d, 2H, Ph); "C NMR ([D]acetone): 6 =
192.3 (CHO),191.8 (CHO), 137.1, 135.9, 132.2, 129.6, 127.3, 123.5 (C-Ph),
90.6 (-C=C-), 90.2 ppm (-C=C-); IR (KBr): "=1693 cm ' (C=0); elemen-
tal analysis calcd (%) for C;;H;,05: C 77.86, H 3.84, N 18.30; found C
77.60, H 3.75, N 18.62.
m,m’-Bis(1,3-hydroxy-4,4,5,5-tetramethylimidazolin-2-yl)-4-ethynyl-1-
(1,3-hydroxy-4,4,5,5-tetramethylimidazolin-2-yl)benzene (2): 2,3-Bis(hy-
droxyamino)-2,3-dimethyl butane (186 mg, 3.2 equiv) was added to a so-
lution of trisaldehyde 1 (103 mg, 0.39 mmol) in MeOH (50 mL). A weak
flow of argon was maintained during 3 d until the mixture was nearly dry.
The white paste was filtered, washed with MeOH and dried to give a
white solid (230 mg, 90 % ). Elemental analysis calcd (%) for C;sHs,O6Ng:
C 64.39, H 8.03, N 12.87; found C 64.71, H 7.98, N 12.50; 'H NMR
([Dglacetone): 6=7.67 (m, 1H, Ph), 7.60 (m, 2H, Ph), 7.54 (d, /=9 Hz,
2H, Ph), 7.46 (d, /=9 Hz, 2H, Ph), 7.14 (s, 6H, OH), 4.71 (s, 3H, -HC
imid.), 1.18 (s, 18H, CH;), 1.10ppm (s, 18H, CH;); "“CNMR
([Dg]DMSO): 6=142.6, 141.9, 130.9, 130.6, 129.9, 129.6, 128.7 (Ph), 92.1
(HC imid.), 89.9, 89.8 (C=C), 66.2 (C,,, imid.), 24.4, 17.1 ppm (CHj,).
diNNpNN: Compound 2 (100 mg, 0.15mmol) and MnO, (198 mg,
228 mmol, 5equiv per radical) were added to a solution of CH,CI,
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(30 mL). The mixture turned dark blue and was stirred during 5 h, fil-
tered and the solvent was evaporated. The residue was purified through
chromatography (silica gel, AcOEt/CH,Cl, 1:9) to give diNNpNN
(71 mg, 74%). Dark blue crystals containing one CH,Cl, molecule per
diNNpNN molecule could be grown by slow evaporation of a CH,Cl,/
hexane mixture. M.p. 242°C (decomp); IR (KBr): #=1363 cm ' (N-O);
UV/Vis: Apa(e) =319 (53605), 371 (24680), 592 nm (1130m 'cm™); ele-
mental analysis caled (%) for C;sH;iO¢Ng-CH,ClL: C 59.34, H 6.22, N
11.53; found C 59.11, H 6.20, N 11.28; MS FAB* (mNBA): m/z: 645.1
[M+H]*, 629.1, 613.1, 597.1, 581.1, 565.1, 549.3, 533.1 (successive loss of
6 0), 514.0, 384.0 (successive loss of 2 fragments of 130 mass units); Ny=
3.1 spins per molecule.
1,3-Bis(1,3-hydroxy-4,4,5,5-tetramethylimidazolin-2-yl)-5-bromobenzene
(3): 5-Bromoisophtaladehyde (1.51 g, 7.05 mmol) and 2,3-bis(hydroxy-
amino)-2,3-dimethylbutane (2.42 g, 2.3 equiv) were added to MeOH
(30 mL). The mixture was concentrated to almost dryness during 3 d. The
white solid was washed with MeOH and dried, and a white powder was
isolated (3.15 g, 94%). M.p. 175°C (decomp); IR (KBr): #=3455cm"
(OH); elemental analysis calcd (%) for C,)H3;;O,N,Br: C 51.40, H 5.82,
N 11.99; found C 51.27, H, 5.87, N 11.76; '"H NMR ([D4]DMSO): 6 =7.81
(s, 4H, -OH), 7.55 (s, 2H,Ph), 7.51 (s, 1H, Ph), 4.50 (s, 2H, -CH imid.),
1.07 (s, 12H, -CH3), 1.03 ppm (s, 12H, -CH;); *C NMR ([D,]DMSO):
0=144, 129, 128, 120 (C-Ph), 90 (CH imid.), 66 (Cgyy imid.), 24 (CHs),
17 ppm (CHj).
1,3-Bis(1-oxyl-3-0x0-4,4,5,5-tetramethylimidazolin-2-yl)-5-bromobenzene
(4): In a round-bottom flask containing a suspension of 3 (2.1g,
4.44 mmol) in MeOH (100 mL), SeO, (74 mg, 6.65 mmol, 15% mol) was
added.” After 2 d at room temperature, the yellow solution was evapo-
rated and purified by chromatography (silica gel, CH,CL,/EtOH 8:2) to
give a yellow powder (1.65 g, 85%). 'HNMR ([Dg]DMSO): 6=8.90 (s,
1H, Ph), 8.30 (s, 2H, Ph), 1.36 (s, 12H, -CHj;), 1.30 ppm (s, 12H, -CHj);
BC NMR ([D,]DMSO): § =141, 131, 129, 127 (Ph), 76 (CH imid.), 61.5
(Cqua imid.), 24 (CH;), 19 (CHa).

INNNpNN: In a round-bottom flask under argon, equipped with a
funnel containing triethylamine (12 mL) distilled under argon, 3 (492 mg,
1.06 mmol), [PdCl,(PPh;),] (37 mg, 5%mol) and Cul (10 mg) were
added. Triethylamine (7 mL) was added dropwise under stirring. 4-Ethyn-
yl-(1,3-hydroxy-4,4,5,5-tetramethylimidazolin-2-yl)benzene (366 mg,
1.3 equiv) was dissolved in the remaining triethylamine (5 mL). This so-
lution was added in five parts to the reaction mixture during 48 h, and
heated to 80°C. After 12 h reaction time, partial dehydratation could be
observed by TLC (silica gel, AcOEt/CH,CI, 1:9). The mixture was cooled
down, the amine salt filtered and the filtrate precipitated in hexane
(200 mL). The precipitate (560 mg) was dried. Oxidation of this solid
(270 mg) was performed by introducing MnO, (1.049 g, ~5 equiv per rad-
ical) in CH,Cl, (25 mL). The suspension was stirred during 6 h at room
temperature and turned to dark blue-green. The solution was evaporated
and the remaining solid was purified by chromatography (silica gel,
AcOEt/CH,Cl, 5:95) to isolate diNNpNN (37 mg) and INNNpNN
(48 mg, 15%). Slow evaporation of a CH,Cl,/hexane mixture gave black
needles of INNNpNN-CH,Cl,. M.p. 240°C (decomp); IR (KBr): #=1365
(N-0), 1549 cm™' (C=N); UV/Vis: A, (¢)=320 (45250), 371 (16570),
450 (712), 595nm (700mM'cm™'); elemental analysis caled (%) for
C;5sH,y0sNgCH,Cl,: C 60.67, H 6.36, N 11.79; found C 60.55, H 6.39, N
11.65; MS FAB* (mNBA): m/z: 629.4 [M+H]*, 613.4, 597.4, 581.4,
565.4, 549.3 (successive loss of 5 O), 514.4, 498.2, 384.1, 368.1; Ng=2.8
spins per molecule.

diINpNN: Compound 4 (400 mg, 0.91 mmol), [PdCL(PPh;),] (30 mg, 5%
mol) and Cul (5mg, 3%) were dissolved in a solution of triethylamine
(5 mL). A solution of 4-ethynyl-(1,3-hydroxy-4,4,5,5-tetramethylimidazo-
lin-2-yl)benzene (277 mg, 1.2 equiv) in triethylamine (5 mL) was added
to the funnel. This solution was added in portions of 1 mL during 48 h.
The mixture was cooled down, the amine salt filtered and the filtrate pre-
cipitated in hexane. A yellow powder (220 mg) was isolated. '"H NMR
([Ds]DMSO): 6=8.94 (s, 1H, Ph), 7.93 (s, 2H, Ph), 7.83 (s, 2H, OH),
7.54 (m, 4H, Ph), 4.53 (s, 1H, -HC imid.), 1.11 (s,18H, CHj;), 1.04 ppm
(s,18H, CHj;).

In a flask containing MeOH (30 mL), the yellow powder (105 mg) pre-
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pared above and MnO, (225 mg, ~5 equiv per radical) were introduced.
After 5 h under stirring at room temperature and evaporation of the sol-
vent, the residue was purified by chromatography (silica gel, AcOEt/
CH,(Cl, 5:95) and gave diINpNN (60 mg, 22 % overall yield). Slow evapo-
ration of a CH,Cly/hexane mixture gave dark green crystals of
diINpNN-CH,ClL,. M.p. 236°C (decomp); IR (KBr): #=1363 (N-O),
1544 cm™ (C=N); UV/Vis: L. (e)=316 (16370), 385 (62450), 445
(1380), 602nm (560m 'cm™'); elemental analysis caled (%) for
C35H,yO,NCH,Cl,: C 62.06, H 6.51, N 12.06, O 9.18; found C 62.14, H
6.52, N 11.99, O 9.30; MS FAB* (mNBA): m/z: 6132 [M+H]*, 597.2,
580.2, 564.2, 548.2, (successive loss of 4 O), 498.1, 483.1, 384.0, 369.1,
353.1; Ng=2.75 spins per molecule.

diINpIN: Compound diNNpNN (45mg, 0.069 mmol) and NaNO,
(71 mg) were added to water/CH,Cl, (1:1, 50 mL) acidified at pH 6.
After 20 min, the bright red solution extracted with CH,Cl,, dried on
Na,SO, and evaporated. The red solid was purified by chromatography
(silica gel, AcOEt/CH,Cl, 5:95) to give a red solid (25 mg, 59 %). Crys-
tals were grown by slow evaporation of a CH,Cl,/hexane mixture. M.p.
205°C (decomp); IR (KBr): #=2208 (C=C), 1371 (N-0), 1543 cm™' (C=
N); UV/Vis: Apa(e) =273 (34450), 449 nm (1441m ' cm™); elemental
analysis caled (%) for C 70.56, H 7.27, N 14.11; found C 70.32, H 7.26, N
14.04; MS FAB* (mNBA): m/z: 597.2 [M+H]*, 581.1, 565.2, 549.2, (suc-
cessive loss of 3 O), 483.2, 369.1 459.3, 345.1; Ng=2.75 spins per mole-
cule.

m,m’-Bisformylphenyl-4-benzaldehyde (5): In a three-neck round-bottom
flask containing triethylamine (50 mL), 5-bromoisophtalaldehyde
(191 mg, 0.90 mmol) and 4-formylboronic acid (150 mg, 1.1 equiv) was
added. A degassed aqueous solution (1.5mL) containing Na,CO;
(212 mg, 2.2 equiv) was added with a syringe. Dimethoxyethane (5 mL)
freshly distilled under argon were then added and the mixture was
heated at 85°C. After 5h of reaction, the reaction mixture was filtered
and the filtrate was evaporated under vacuum. The residue was purified
by chromatography (silica gel, AcOEt/CH,Cl, 1:99) to give a white solid
(144 mg, 61%). M.p. 160°C (decomp); IR (KBr): #=1691 cm ' (CHO);
elemental analysis caled (%) for C;sH;,O;: C 75.62, H 4.23, N 20.15;
found C 75.35, H 4.15, N 20.40; '"HNMR (CDCL): 6=10.21 (s, 2H,
CHO), 10.12 (s, 1H, CHO), 8.42 (m, 3H, Ph), 8.05 (d, /=8.5Hz, 2H,
Ph), 7.86ppm (d, J=85Hz, 2H, Ph); "CNMR (CDCl): 6=191.5
(CHO), 190.6 (CHO), 144.0, 136.3, 133.9, 131.7, 131.5, 127.9, 124.0 ppm
(Ph).
m,m’-Bis(1,3-hydroxy-4,4,5,5-tetramethylimidazolin-2-yl)4-(1,3-hydroxy-
4,4,5,5-tetramethylimidazolin-2-yl)benzene (6): The procedure was simi-
lar to the synthesis of 2, using 5 (132 mg, 0.5 mmol) and 2,3-bis(hydroxya-
mino)-2,3-dimethyl butane (262mg, 3.3 equiv) in distilled MeOH
(30 mL) and CH,Cl, (4 mL). After the usual workup, a white powder
(294 mg, 85%) was isolated. M.p. 175°C (decomp); IR (KBr): v=
3597 cm™! (OH); '"H NMR ([DgJacetone): 6 =7.72 (s, 6H, OH), 7.63-7.55
(m, 7H, Ph), 459 (s, 3H, -HC;), 1.09 (s,18H, CHj;), 1.06 ppm (s,18H,
CH;); "CNMR ([Dg]DMSO): 6 =152.1, 141.8, 140.8, 140.3, 139.2, 131.6,
128.9, 126.0 (Ph), 90.0 (HC imid.), 66.2 (Cg,, imid.), 24.0, 16.9 ppm
(CHy).

diNNbpNN: The procedure used for obtaining diNNpNN was employed
starting from 6 (103 mg, 0.16 mmol) and MnO, (198 mg, 2.28 mmol,
5 equiv per radical). The residue was purified by chromatography (silica
gel, AcOEt/CH,CI, 1:99) to give diNNbpNN (65 mg, 66 %). M.p. 228°C
(decomp); IR (KBr): #=1360 cm ' (N—O); UV/Vis (CH,CL,): A,u(¢)=
294 (43230), 371 (26420), 589 nm (1380mM ' cm™); elemental analysis
caled (%) for C;3H oO¢Ng: C 63.95, H 6.99, N 13.57; found C 63.70, H
7.16, N 13.85; MS FAB* (mNBA): m/z: 621.2 [M+H]*, 605.2, 589.2,
573.2, 557.2, 541.2, 525.2 (successive loss of 6 O), 490.1, 360.2; Ny=3.2
spins per molecule.

diINbpIN: Compound diNNbpNN (50 mg, 0.081 mmol) and NaNO,
(168 mg, 10 equiv per radical) were added to a water/CH,Cl, mixture
(1:1, 50 mL) acidified at pH 6. After 20 min, the bright red solution ex-
tracted with CH,Cl,, dried on Na,SO, and evaporated. The red solid was
purified by chromatography (silica gel, AcOEt/CH,Cl, 5:95) to give a red
solid (31 mg, 54%). Crystals were grown by slow evaporation of a
CH,Cl,/hexane mixture. M.p. 245°C (decomp); IR (KBr): #=1375cm!
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(N=0); UV/Vis (CH,CLy): Apa(e) =273 (34450), 449 nm (1441m~' cm™);
elemental analysis calcd (%) for C 69.32, H 7.58, N 14.70; found C 69.43,
H 7.54, N 14.39; MS FAB* (mNBA): m/z: 573.3 [M+H]*, 557.3, 541.3,
525.3 (successive loss of 3 O), 459.3, 345.1; Ny=3.3 spins per molecule.

tetraNN: In a round-bottom flask, 1,3-diiodobenzene (150 mg,
0.45 mmol) and 1,3-bis(1,3-hydroxy-4,4,5,5-tetramethylimidazolin-2-yl)-5-
ethynylbenzene (410 mg, 2.1 equiv), [Pd(PPhs),] (66 mg, 12 mol%) and
freshly distilled diisopropylamine (10 mL) were added. The reaction mix-
ture was heated at 80°C during 6 h. After filtration, evaporation of the
filtrate, the concentrated solution was precipitated with pentane
(100 mL). The beige powder was filtered and dried under vacuum (70 %
of estimated coupling).

The oxidation was performed on this powder dispersed in CH,Cl,
(100 mL). MnO, (382 mg, ~20 equiv) was added and the suspension was
stirred at room temperature during 3 h. The mixture was worked up as
usual and the residue purified by chromatography on a column and a
second time on a preparative TLC support (silica gel, AcOEt/CH,Cl,/
MeOH 19:80:1) to give a blue powder with an overall yield of 7% using
the dibromobenzene, and 17% using diiodobenzene. IR (KBr): 7=
1361 cm™' (N—O); elemental analysis caled (%) for C 66.80, H 6.50, N
12.46; found C 66.56, H 6.76, N 12.50; UV/Vis (CH,Cl,): A,,,(¢) =288
(101210), 371 (63350), 585 nm (2725m ' cm™'); MS FAB* (mNBA): m/z:
899.3 [M]*, 884.3, 868.3, 852.4, 836.4, 820.4, 804.3, 786.2, 770.2 (successive
loss of 8 O), 769.2, 639.1, 509.3; Ngy=4.0 spins per molecule.

tetraIN: The cross-coupling was performed as described for tetraNN, but
after the reaction mixture was evaporated, the solid obtained (450 mg,
0.5 mmol) was treated with SeO, (10 mg, 15% mol) during 2 d in MeOH
(200 mL). The suspension disappeared and the solution turned to yellow;
the solvent was evaporated and the compound purified by chromatogra-
phy (silica gel, CH,CL/EtOH 9:1 then gradually 6:4) to yield a yellow-
brown powder (255mg, 59%). 'HNMR ([Ds]DMSO): 6=8.44 (s, 2H,
Ph), 822 (s, 4H, Ph), 7.80 (s, 1H, Ph), 7.66-7.63 (m, 3H, Ph), 1.16
(s,24H, CH;), 1.14 ppm (s, 24 H, CHs).

To a suspension of this solid (200 mg, 0.22 mmol) in CH,Cl, (30 mL),
MnO, (380 mg, 4.4 mmol, 20 equiv) was added and the mixture stirred
during 3 h. After filtration and evaporation of the filtrate the red com-
pound was chromatographed (silica gel, AcOEt/CH,Cl, 15:85) to give
tetraIN (110 mg, 31 % overall yield) which gave solvated red needles un-
suitable for structural determination by slow evaporation in a CH,Cly/
hexane mixture. M.p. 249°C (decomp); IR (KBr): 7=2216 (C=C), 1371
(N-0), 1549 cm™" (C=N); UV/Vis (CH,CL): A,.(¢) =288 (73390), 302
(62940), 447 nm (1667m ' cm™'); elemental analysis caled (%) for tet-
raIN-3CH,Cl,: C 69.12, H 6.78, N 12.77, O 7.29; found C 68.91, H 6.82,
N 12.56, O 7.84; MS FAB*: m/z: 836.3 [M+H]*, 821.3, 805.3, 789.3,
773.3 (successive loss of 4 O), 722.2, 608.1, 494.1; Ng=4.1 spins per mole-
cule.
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