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A family of pyridine, 2,2∞-bipyridine, 1,10-phenanthroline, 3,6-bis(2-pyridyl )pyridazine ligands bearing two
nitronyl nitroxide radicals was synthesized and characterized. The pincer ligands having two radicals in ortho
positions relative to the nitrogen atoms form stable nickel() and copper() complexes. The pyridine based 2,6- and
2,5-biradicals crystallized in the monoclinic space group P21/c while the bipyridine 5,5∞-biradical crystallized in the
monoclinic space group P21/n (radical is 4,4,5,5-tetramethylimidazoline 3-oxide 1-oxyl ). The highest dihedral angle
between the radicals and the pyridine ring is found in the pyridine 2,6-biradical (ca. 47°), followed by the 2,5-
biradical (ca. 38°) and then by the bipyridine 6,6∞- (ca. 27°) and 5,5∞-biradicals (ca. 24°). All the biradicals exhibit
similar EPR spectra, in solution and at room temperature, with nine lines due to coupling of the unpaired electrons
with four equivalent nitrogen nuclei (hyperfine coupling constant AN 3.3–3.8 G). In some cases these nine lines are
reduced to five lines (AN 7.5–7.6 G) at low temperature due to a weakening of the spin–spin exchange interaction J
which becomes smaller than the isotropic coupling constant. The xT product for all radicals measured at 300 K lies
in the range of 0.70–0.77 emu K mol−1 . For the pyridine 2,6- and 2,5-biradicals, magneto-structural correlation
reveals through bond ferro- and antiferro-magnetic interaction (J/kB=+9.4 and −39 K, respectively) due to a
favorable spin polarization effect. These intramolecular interactions persist when the radicals are dispersed in a
polystyrene matrix. For the bipyridine 6,6∞- and 5,5∞-biradicals, the experimental data were fitted using a Bleaney–
Bowers expression for two interacting spins and the values of J/kB=−24 to −1.9 K, respectively, are representative
of an antiferromagnetic through-space interaction between two neighboring radicals. No intramolecular magnetic
interactions were found in the oligopyridine based compounds. In all of these biradicals, both nitroxides are
oxidized at the same potential (ca. +0.45 V vs. Ag/Ag+) by a two-electron quasi-reversible process to the
nitrosonium dication and irreversibly reduced to the dianions between −1.80 and −1.40 V. In the Cu() and Ni()
complexes of the bipyridine-6,6∞- and phenanthroline-2,9-biradical reduction of the nitroxides to the hydroxylamine
anions is quasi-reversible and is facilitated by ca. 1.20 V versus the ‘free’ ligands, and the second redox couple
corresponds to reduction of the bridging bipyridine or phenanthroline fragments. In the nickel based complex of the
pyridine-2,6-biradical two sets of equivalent nitroxides are successively reduced by a dielectronic process while the
monoelectronic reductions of the two bridging pyridines are separated by 330 mV.

pyridine based radicals.12 Progress in the development ofIntroduction
organomagnetic materials based on nitroxide radicals has

Pioneered at the end of the 60s by Ullman and co-workers,1 recently been highlighted.13
the nitronyl nitroxide (N-oxyl N∞-oxide) radical family led to The main objective in this field is to obtain co-operative
no real development in the field of spin labelling, and it was magnetic properties in an organic or organometallic solid. The
only in the mid-80s that it generated a growing interest from key element lies in the selection of suitable open-shell molecules
chemists. Gatteschi and co-workers2 discovered interesting and to orient them properly relative to each other in a three
magnetic interactions between nitronyl nitroxides and para- dimensional network. In order to avoid the natural preference
magnetic metal centers, whereupon the nitronyl nitroxide of molecules for antiparallel spin alignment, structural modifi-radical family started to be widely used in the field of molecular

cations and chemical functionalization of stable open-shellmagnetism. For instance acidic and paramagnetic metal com-
molecules represent a challenging problem.plexes were found to exhibit very interesting magnetic proper-

As part of our continuing interest in molecular basedties with many different molecular arrangements ranging from
magnetic materials, and in order to synthesize two- or ideallydiscrete molecules to cyclic manganese hexamers.3,4 In the
three-dimensional structures able to display permanent mag-meantime, some nitronyl nitroxide derivatives were also found
netization, we chose as building blocks metal complexes basedto order ferromagnetically at cryogenic temperatures such as
on chelating molecules possessing organic spin carriers, usingthe c phase of p-nitrophenyl nitronyl nitroxide5,6 and a diaza-
a ‘complex as ligand/complex as metal’ approach. Therefore,adamantane dinitroxide compound,7 while thiomethylphenyl8
we focused on the synthesis of novel oligopyridines bearingor triazole9 nitronyl nitroxide radicals also display interesting
two nitronyl nitroxide free radicals symmetrically attached toferromagnetic properties. The specific role played by hydrogen
the chelating core. The use of oligopyridine derivatives offersbonds in the crystal packing and in the propagation of
a strong co-ordinative center, which affords very stable trans-ferromagnetic interactions has been discussed for ferromagnets

based on polyhydroxyphenyl radicals10,11 and ethynyl bridged ition metal complexes with a controlled geometry. Exotic
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Table 1 Selected spectroscopic data for the bis-imidazolidine com-molecular architectures could be built by using these novel
poundschelating biradicals as building blocks that can be connected,

one to each other, by acidic metal centers. IR 1H NMR 13C-{1H}
As a first step towards this goal, knowledge of the electronic, Product na/cm−1 (d)b NMR (d)c Massd

magnetic and redox properties of such ligands gives important
1b 3405 4.67 92.5 396information on the nature of the interactions between the
3b 3254 4.75 92.8 473different paramagnetic parts of the molecule. We report here
4b 3254 4.62 89.5 473the synthesis, structural characterization, EPR, magnetic and
5b 3252 4.60 90.7 473electrochemical properties of a series of spin-labelled oligopyri- 7b 3342 4.81 92.8 551

dines and some of their metal complexes.
anOH measured in KBr pellets. bCentral imidazolidine H atom
measured in d6-DMSO solutions. cCentral imidazolidine C atom
measured in d5-pyridine. dObtained by FAB+ , corresponds toResults and discussion
[M+H]+ .

Preparation of the biradicals

Formyl compounds, precursors of the nitroxide radicals,
the bis-N,N∞-hydroxyimidazolidine moieties b: the hydroxywere prepared using adapted literature procedures. 2,6-
groups appear between d 7.6 and 7.8 and the central protonsDiformylpyridine was prepared by a Swern oxidation14 of the
of the imidazolidine structures are identified by a singletcorresponding dialcohol. 2,5-Diformylpyridine was prepared
between d 4.6 and 4.8. In the 13C-{1H} NMR spectra theby the following sequence of reactions: (i) esterification of the
central carbon of the imidazolidine group appears between dcorresponding diacid; (ii) reduction of the methyl diester with
89 and 93 (see Table 1 for selected data).NaBH4 to give the dialcohol and (iii) subsequent Swern oxi-

The N,N∞-dihydroxyimidazolidine intermediates weredation to the dialdehyde. This method is an adaptation from
oxidized in good yields to the nitronyl nitroxide radicals cthose used by Beer and co-workers,15 for the synthesis of the
using sodium periodate in a two-phase mixture of dichloro-4,4∞-diformyl-2,2∞-bipyridine. The two other symmetric iso-
methane and water. Under these conditions the blue or greenmers, 5,5∞-diformyl-2,2∞-bipyridine and 6,6∞-diformyl-2,2∞-
radicals (Fig. 1) are progressively solubilized in the dichloro-bipyridine, were obtained respectively following the syntheses
methane and no overoxidation occurs during a one hourdescribed by Mendoza et al.16 and Holm and coworkers.17
oxidation. This method was preferred to the use of solid metal2,9-Diformyl-1,10-phenanthroline was prepared from neocup-

roine using selenium dioxide.18 The 3,6-di(6-formyl-2-pyridyl )-
pyrazine was prepared by a Swern oxidation of the
corresponding dialcohol, itself prepared from 6-cyano-2-
hydroxymethylpyridine following the same method as for the
synthesis of 3,6-bis(2-pyridyl )pyrazine earlier described by
Butte and Case.19

The corresponding N,N∞-dihydroxyimidazolidines b were
prepared in good yield by multiple condensation of the dialde-
hydes a with 2,3-diamino-N,N∞-dihydroxy-2,3-dimethyl-
butane20 in methanol as sketched in Scheme 1.21 The
precursors of the nitroxide radicals (the bis-hydroxyimidazoli-
dines) precipitate during the condensation step and could be
isolated as white powders. During the condensation of the
dialdehydes 2a and 6a no precipitate was obtained and the
mother-liquor was used for the next step. Secondary products
formed during the synthesis are due to dehydration of the bis-
N,N∞-hydroxyimidazolidine to N-hydroxyimidazoline. This
kind of dehydration can be favored by the presence of impurit-
ies in the starting dialdehydes, such as selenium dioxide.22 If
the dehydration step is faster than the condensation of the
2,3-diamino-N,N∞-dihydroxy-2,3-dimethylbutane with the
aldehyde function no precipitate of the bis-N,N∞-hydroxyimida-
zolidine derivative is obtained. In this case an oxidation of the
mother-liquor is necessary to recover the bis(nitronyl nitro-
xide). Side-products such as the bis(iminonitroxide) and the
mono(nitronyl nitroxide) mono(iminonitroxide) are separated
by column chromatography.
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Table 2 Selected spectroscopic data for the nitronyl nitroxide bis-
radicals

UV-Vis
lmax/nm EPR

Product IR na/cm−1 (e/M−1 cm−1) Massb A
N
c/G

1c 1368 570(720) 390 3.3
2c 1351 585(550) 390 3.6
3c 1358 575(740) 467 3.8
4c 1347 607(320)/ 467 3.8

532(350)
5c 1354 597/530 469 —
6c 1376 568(610) 491 3.6
7c 1363 574(720) 545 3.8

anNO measured in KBr pellets except for compound 5c measured in
CH2Cl2 solution. bMeasured in dichloromethane by FAB+ , corre-
sponds to [M+H ]+ or [M+2e+3H]+ for 5c. cMeasured in
dichloromethane at room temperature.

oxide, except for the preparation of 2c where a silver oxide
oxidation of the mother-liquor is suitable for the synthesis of
the biradical. All the radicals were purified by column chroma-
tography using alumina, and then recrystallized by slow evap-
oration of dichloromethane from a mixture of n-hexane–
dichloromethane, except for 5c which gave a green powder
after evaporation of the solvent. This green paramagnetic solid
is no longer soluble, even in DMF, and presents most of the
characteristics of the nitronyl nitroxide compounds. A solution
of 5c, prior to evaporation, gave the expected FAB+ mass
spectrum and corresponding spectroscopic properties. No
further structural information concerning the resulting
insoluble material has yet been obtained.

The bis(nitronyl nitroxide) derivatives appear very stable in
the solid state, and their characteristic dark blue or green
color is due to n�p* transitions of the aminoxyl oxides.23
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The FAB+ mass spectra exhibit an intense molecular ion peak Fig. 2 Schematic structures of copper() and nickel() complexes
(corresponding to [M+H]+), and major characteristic frag- 8–13.
ments due to the successive loss of oxygen atoms. Most of
these compounds decomposed above 200 °C. In the IR region
they all show an intense nNO stretching vibration characteristic the perchlorate counter ions and/or solvent molecules. The

observed molecular ion peaks in the FAB-MS spectra areof the nitronyl nitroxide subunits (Table 2).23 Magnetic
moments were determined with a SQUID susceptometer and respectively at m/z 654 and 647 for the copper() and nickel()

complexes of 6c and correspond to the mass of the complexlie in the expected range of 2.37 to 2.48 mB .
with loss of one perchlorate anion and addition of two protons
in the case of the copper complex. The co-ordination of theComplexation studies
oxygen of the nitronyl nitroxide group is also confirmed by a

Complexation studies were performed with the pincer ligands significant shift of the NO stretching frequency (25 and
possessing nitronyl nitroxide subunits in the ortho positions of 21 cm−1 for the Cu() and Ni() complexes respectively).
the pyridine fragment (Fig. 2). In this case there is synergistic
co-ordination of the central pyridine group and the oxygen Crystal structures of compounds 1c, 2c and 4c
atoms of the radicals. Compound 1c is in this way a potential
O2N tridentate ligand, which allows the preparation of mono- The crystal structure of compound 3c has previously been

reported25 but not the crystal packing. The intermolecularnuclear copper() and nickel() complexes with a 251 ligand5
metal stoichiometry. These compounds have been characterized contacts which may account for the magnetic exchange path-

way were investigated herein. Deep blue block crystals for 1c,by FAB+ mass spectrometry and elemental analysis. The co-
ordination of the oxygen of the nitronyl nitroxide group is 2c and black-green blocks for 4c were analysed by X-ray

diffraction and ORTEP26 drawings are given in Figs. 3 and 4.confirmed by a significant shift of the NO stretching frequency
(16 and 25 cm−1 respectively for the Cu() and Ni() com- The molecular structure of compound 1c (Fig. 3) is similar

to the one described by Oshio et al.27 which has a differentplexes) and by a significant hyperchromic effect observed for
the n�p* electronic transition. crystallographic lattice and space group (P21/a). This different

cell organization can be explained by different crystallizationIn compounds 3c and 6c the presence of two radical subunits
in the ortho positions of the pyridine gave complexes in which conditions. The dihedral angle between the plane of the

pyridine ring and the average plane of the C5 ring is 47°, andthe ligands are tetradentate (O2N2 co-ordination mode). Stable
complexes of Cu(), Ni(), Zn(), Co() and Mn() were the angle between the two average planes of the radical groups

is nearly orthogonal [89°, in Fig. 3(a)]. These strong tilt anglesobtained with 3c and their synthesis, crystallographic data and
magnetic properties are discussed elsewhere.24 The copper() are probably due to both electronic repulsion of the free

electron with the lone pair of the nitrogen atom and stericand nickel() complexes of 6c are obtained in a similar manner
as for 3c, and form stable one ligand to one metal complexes. crowding. The same electronic interaction is present in 3c, but

steric congestion is less severe resulting in a significant decreaseThe two pyridines and two nitronyl nitroxides co-ordinate the
metal center in an equatorial fashion and the pseudo-octa- of the tilt angle (see above). Adjacent radicals are organized

in a head-to-tail fashion to form dimers belonging to the abhedral co-ordination is completed, in the axial positions, by
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plane, with a O4,O4∞ distance of 3.14 Å and O4,N5∞ of
3.76 Å. Indeed, intermolecular interaction in two radicals
oriented in a head-to-tail fashion is at the maximum when the
two NO groups are arranged in such a way that the O–N,O∞
angle a is equal to 90° and the angle b between the p* orbitals
of the nitronyl nitroxide radicals with a vector normal to the
N2O2 plane is also 90°.28 Here the angles a#52° and b#90°
are in keeping with antiferromagnetic interactions which owing
to the large NO,NO distances are predicted to be weak. The
dimer is isolated from its neighbor with distances larger than
8 Å (Fig. 5).

For compound 2c the position of the pyridine could not be
determined exactly due to the presence of an inversion center
in the middle of the pyridine ring, while an angle of ca. 38°
between the average plane of the radicals and the pyridine is
observed [Fig. 3(b)]. In the present structure the distances
between the N–O and C–N atoms of the radical subunits are
similar: N(1)–O(1) 1.277(2); N(2)–O(2) 1.275(2);
C(1)–N(2) 1.331(3); C(1)–N(1) 1.356(3) Å. This symmetry
is due to the complete delocalization of the odd electron in
the non-bonding orbitals of the ‘ONCNO’ core. The N–O
bond distances are between the values of a single and a double
N–O bond and the C–N bond distances are near the value of

Fig. 3 ORTEP views of compounds 1c (a) and 2c (b). a double bond. It is reasonable to expect that the spin density
is mostly localized on the N–O bonds as previously observed
by polarized neutron diffraction.29 Examination of the crystal
packing shows that the radicals lies at relatively large distances
O1,O1∞ 5.77 Å (Fig. 6) with geometrical parameters O1,N2∞
5.66, O2,N1∞ 6.04 Å, O–N,O∞ angles a#80° and b#80°.
The long radical–radical distance found in 2c is not favorable
for efficient magnetic interactions.

As expected, the free biradical 3c has a transoid arrangement
of the two pyridine rings with a center of symmetry located
in the middle of the bipyridine C–C bond. The two pyridine
rings are coplanar and form an angle of 27° with the mean
plane of the imidazolidine subunit [Fig. 4(a)]. Close examin-
ation of the crystal packing shows that the N–O entities of
neighboring molecules are arranged in a head-to-tail fashion
forming crystallographic chains along the c axis (Fig. 7), and
at intermolecular distances short enough to favor magnetic
interactions. Relevant intermolecular geometrical data are:
O1,N1∞ 3.70, O1,O1∞ 3.78, O–N,O∞ angles a#84° and
b#90°. The shortest interchain distances are 3.51 (O1,C4∞)
and 3.54 Å (O2,C10∞) while the shortest interchain NO
distance is 6.64 Å.

Compound 4c also crystallized in a transoid arrangement,
with an inversion center of symmetry located in the middle of
the C–C bond [Fig. 4(b)]. The bipyridine is planar and there
is a dihedral angle between the mean plane of the C5 ring and
the pyridine of 24°. The N2–O1 1.28, N3–O2 1.28, C6–N2
1.34 and C6–N3 1.35 Å bond distances are similar. Here also
close examination of the crystal packing shows that the N–O
entities of neighboring molecules are arranged in a head-to-
tail fashion forming crystallographic chains along the b axis
(Fig. 8) and at intermolecular distances short enough to favor
magnetic interactions. Relevant intermolecular geometrical
data are: O1,N1∞ 4.15, O1,O1∞ 3.01 Å, angles a#22° and
b#14°. The shortest interchain distance is 3.49 Å (C1,C11∞),
while the shortest interchain NO distance is 5.34 Å.

EPR properties

The room temperature EPR spectra of these compounds
obtained in dichloromethane solution are all characteristic of
bis(nitronyl nitroxide) systems with strong intramolecular spin-
–spin interaction. Nine spectral lines are observed due to
coupling of the delocalized unpaired electrons with four equiv-
alent 14N nuclei. The hyperfine coupling constants (AN) given
in Table 2 lie between 3.3 and 3.8 G. Interestingly, the nine

Fig. 4 ORTEP views of compounds 3c (a) and 4c (b). lines observed at room temperature for compounds 1c, 2c, 3c,
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Fig. 5 Projection onto the ab plane of the crystal packing of compound 1c showing the dimers running along the a direction.

Fig. 6 Projection onto the bc plane of the crystal packing of compound 2c.

6c and 7c [displaying one nitrogen atom in an ortho position The spectral shapes and changes observed upon cooling
these samples, see Fig. 9, are probably the result of an exchangerelative to the radical attachment point] are reduced to five

lines as the temperature is lowered. These five lines are broadening mechanism determined by a dynamic intramolecu-
lar process.30 Most likely, this process corresponds to the outreminiscent of the coupling observed between two 14N nuclei

and a single unpaired electron. The 14N coupling constant of phase internal rotation of the two radical moieties, which
is able to modulate the exchange interaction J. It seems thatmeasured from the limiting five-line EPR spectra ranges from

7.5 to 7.6 G. in solution the biradical may exist in two or more confor-
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Fig. 7 Projection onto the bc plane of the crystal packing of compound 3c showing the chains running along the c direction.

Fig. 8 Projection onto the ab plane of the crystal packing of compound 4c showing the chains running along the b direction.

mations and these are characterized by different J values. At
room temperature interconversion between these confor-
mations is obviously fast on the EPR timescale, but slow at
lower temperatures.

An attempt was made to observe the (DM
S
=2) transition

in these compounds by decreasing the temperature to 77 K.
Only broadened EPR spectra due to anisotropy of the g tensor
and nitrogen hyperfine tensor31 were observed at this
temperature.

The variable temperature EPR spectra of compounds 1c
and 4c shown in Figs. 9 and 10 are representative of the effect
of temperature on the exchange interactions in these com-
pounds. These studies clearly reveal that the compounds
functionalized in the ortho position relative to nitrogen (1c,

Fig. 10 X-Band EPR spectra of compound 4c in dichloromethane atFig. 9 X-Band EPR spectra of compound 1c in dichloromethane at
different temperatures.different temperatures.
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2c, 3c, 6c and 7c) exhibit a more restricted internal rotation
process, perhaps due to the presence of the nitrogen lone pair.
An interaction between the radical center and this lone pair
could twist the nitroxide group out of planarity relative to the
pyridine ring and slow down the free rotation (Scheme 2). In
strong contrast, when the pyridine rings are functionalized in
the meta positions such as in 4c the stereoelectronic constraints
are considerably attenuated and free rotation remains fast
even at the lowest attainable temperatures. X-Ray diffraction
analysis (see above) corroborates the fact that the tilt angle in
4c is significantly less when compared to those of compounds
1c, 2c and 3c.

Magnetic properties Fig. 12 Temperature dependence of the product of the magnetic
susceptibility with temperature, xT vs. T , for compound 1c (a) andThe thermal variation of the molar magnetic susceptibility x
for 2c (b). The solid line represents the best-fit calculated values.of microcrystalline samples has been measured down to 2 K

with a SQUID susceptometer for most of the biradicals. The
results are displayed in the form of xT vs. T or 1/x vs. T plots (e.g. >10 Å in 4c). X-Ray diffraction analysis for 3c and 4c

is suggestive of some intermolecular spin pairing and, in orderin Figs. 11 and 12, where T is the absolute temperature and
x the molar susceptibility. The xT values measured at 300 K to confirm this, we have measured the magnetic susceptibility

of biradicals in frozen solution. The xT products were almostfor all biradicals lie in the 0.70 to 0.77 emu K mol−1 range,
which corresponds almost exactly to the 0.75 emu K mol−1 constant over the entire temperature range, thereby ruling out

the intramolecular coupling pathway.value calculated for the spin only equation for two isolated
S=1/2 or degenerate singlet–triplet systems. For the bipyri- For all four biradicals the decrease of the xT product in the

low temperature regime is due to weak intermolecular antifer-dine, phenanthroline or pyridazine based radicals (3c, 4c, 6c
and 7c), as the temperature was lowered from 200 K the xT romagnetic interactions between neighboring radicals. The

strength of these interactions depends on the distance andvalues decreased gradually until a sharp decrease was observed
below 30 K, corresponding to antiferromagnetic coupling relative orientation of the radicals.29,32,33 Despite the larger

O,O∞ distance found for 3c compared to 4c (3.70 Å versus(Fig. 11). This coupling might occur either through the oligo-
pyridine bridge (through-bond or intramolecular) or between 3.01 Å), a significantly larger magnetic coupling constant is

found for 3c versus 4c. This is due to a more appropriatethe radicals of neighboring molecules (through-space or inter-
molecular). The intramolecular through-space process is geometry for p-orbital overlap of the radical centers in 3c

versus 4c (O–N,O∞ is 84 and 22°, respectively). The exper-excluded due to the large distance between the NN radicals

Fig. 11 Temperature dependence of the product of the magnetic susceptibility with temperature, xT vs. T , for compounds 3c (a) and 4c (b) and
of the reciprocal susceptibility, 1/x vs. T and xT vs. T for 6c (c) and for 7c (d). The solid line represents the best-fit calculated values.

J. Mater. Chem., 1999, 9, 1435–1448 1441



imental data were fitted by a Bleaney–Bowers expression34 for
an isolated two spins 1/2 model where the magnetic exchange
coupling constant J corresponds to a Hamiltonian of the form
H=−2JS1S2 . Here a singlet–triplet splitting of J/kB=−24
and −1.9 K was found for 3c and 4c, respectively with g=2
[Fig. 11(a) and 11(b)]. For compounds 6c and 7c the reciprocal
susceptibility follows a Curie–Weiss law with h=−3.5 and
−1.3 K, respectively [Fig. 11(c) and 11(d)], while intermolecu-
lar antiferromagnetic couplings are effective at temperatures
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Scheme 3lower than 30 K.
The most interesting results were obtained for the pyridine

based biradicals 1c and 2c (Fig. 12). For 1c an increase of the nitroxide groups are simultaneously oxidized in a two-electron
xT product is observed down to 100 K with a maximum value quasi-reversible process to the nitrosonium dications. The
of 0.77 emu K mol−1, then a decrease at lower temperature cyclic voltammograms for such two-electron processes indicate
due to weak antiferromagnetic interactions. This temperature single apparent potentials for the reduction and oxidation of
dependence of the xmolT values was analysed with the Bleaney– the two nitroxide groups in most of the compounds we studied.
Bowers law for the magnetic susceptibility for a dimer but However, it is important to remember that there exists a
modified by including a mean-field approximation estimated statistical difference37 between such potentials. Nitrosonium
by h. This is considered to describe the average intermolecular cations resulting from electrochemical oxidation of some cyclic
interaction present in the crystal packing.32 nitroxides such as 2,2∞6,6∞-tetramethylpiperidine 1-oxyl

The best parameters from a least-squares fit were J/kB= (Tempo) have been reported by Tamura38 and Malinski et al.39
+9.4 K and h=−0.3 K with g=2. The fact that the xT Scheme 3 illustrates the formation of such dications from the
increase remains present when compound 1c (3% in weight) bis(nitronyl nitroxide) compounds. The cyclic voltammograms
is dispersed in a polystyrene matrix strongly suggests that the for the electrochemical conversion of these compounds into
ferromagnetic interactions are effective through the conjugated the nitrosonium dications is illustrated by those of compound
p bonds of the pyridine ring. No intermolecular interactions 6c shown in Fig. 13. The corresponding cyclic voltammograms
are detected in the doped polystyrene film. Careful analysis of obtained at different scan rates are shown in Fig. 13(b). The
the crystal structure reveals that intermolecular contacts large separation between the anodic and cathodic peak poten-
between two adjacent radicals are present (O1,O1∞ 3.13 Å) tials (see Table 3) and the dependency of these potentials on
but that the relative orientation of these radicals (a=52°) does scan rate are typical of quasi-reversible systems.
not favour efficient orbital overlap.29 Therefore only a weak The bis(nitronyl nitroxide) compounds are all irreversibly
antiferromagnetic interaction is expected and indeed observed reduced. Fig. 14 represents typical cyclic voltammograms exhi-
experimentally [Fig. 12(a)]. Nothing in the crystal packing of bited by these compounds. We believe the two independent
1c would suggest a favourable orientation of the p orbitals nitroxide units in these compounds are simultaneously reduced
leading to a ferromagnetic behaviour. When 1c crystallized in to the anions which subsequently react with traces of water
a different space group (P21/a) the peculiar magnetic behavior present in the solvent to form the dihydroxylamines.
was interpreted in term of a four-spin system associated with Precedence for this observation has been reported by Malinsk
a combined effect of ferro- and antiferro-magnetic coupling.35 et al.39 and Serve.40 Thus the electrochemical–chemical mech-
The through-bond or through-space character of these mag- anistic pathway for the reduction of these compounds can be
netic coupling interactions was, however, not specifically written using the structure of 2c as an example (Scheme 4).
addressed.35 Such a mathematical model was not needed here
to parametrize the temperature dependence of the magnetic
susceptibility of compound 1c.

The magnetic behavior of compound 2c strongly contrasts
with the one observed for 1c. As the temperature was lowered
the xmolT values decreased continuously to nearly zero as
shown in Fig. 12(b). The Bleaney–Bowers expression was
applied to the xmolT versus T plot without a Weiss field since
the crystal structure of 2c from the X-ray analysis shows that
the molecules are quasi-isolated with the shortest O,O∞
distances being as long as 5.77 Å. The Bleaney–Bowers
expression34 was applied to the experimental data by means
of a least-squares method to give the best fit parameter J/kB=−39 K. Most of the antiferromagnetic interaction remains
when 2c is dispersed in a polystyrene matrix which strongly
suggests that the antiferromagnetic interactions are also intra-
molecular and propagated through the p system of the
pyridine ring.

The results obtained for compounds 1c and 2c confirm the
key role played by the spin polarization in a single ring p
conjugated system on the sign of the exchange coupling.36 It
also highlights the tremendous attenuation of the spin polariz-
ation effect when a second pyridine ring is present. Indeed, no
significant intramolecular interaction could be found in the
oligopyridine based radicals 3c to 6c.

Fig. 13 Cyclic voltammograms for compound 6c, in dichloromethane,Electrochemical results
at a scan rate of 100 mV s−1 over the potential range 0–1.3 V (a) and

The electrochemistry of these new oligopyridine based nitronyl at scan rates of 500, 400, 300, 200 and 100 mV s−1 over the potential
range 0–0.6 V (b).nitroxides is very interesting. The two essentially independent
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Table 3 Cathodic and anodic peak potentials (V ) vs. Ag/Ag+ for the
bis(nitronyl nitroxide) compoundsa

Compound Reduction Oxidation DEp/V

1c Epc=1.76 Epa=0.46
Epa=NO Epc=0.27 0.19

2c Epc=1.79 Epa=0.46
Epa=NO Epc=0.24 0.22

3c Epc=1.60 Epa=0.36
Epa=NO Epc=0.26 0.10

4c Epc=1.42 Epa=0.43
Epa=NO Epc=NO

6c Epc=1.60 Epa=0.42
Epa=NO Epc=0.28 0.14

7c Epc=1.72 Epa=0.43
Epa=NO Epc=0.32 0.11

aIn 0.1 M NBu4ClO4–dichloromethane solution at a glassy carbon
electrode; NO=Not observed; Epc=cathodic peak potential; Epa=anodic peak potential.

Fig. 15 Cyclic voltammograms for the reduction, in dichloromethane,
at a scan rate of 100 mV s−1 of (a) nickel() complex 9 and (b)
nickel() complex 11.

quasi-reversible process to the hydroxylamine anions. Thus
the first redox couple represents the reduction of the nitroxide
groups to the hydroxylamine anions which are subsequently
converted into the starting complexes upon reversal of the
scan direction. The large potential shift (ca. 1.20 V versus the
‘uncomplexed’ ligand) is a consequence of strong stabilization
of these anions by complexation to the dicationic metal center.
The absence of a chemical reaction following the initial
electrochemical step is attributed to additional stabilization
provided by the metal ions. This is also reflected in the
reduction potentials of the nitroxide groups in these complexesFig. 14 Cyclic voltammograms for the reduction of compound 3c in

dichloromethane (a) at a scan rate of 100 mV s−1 , (b) multiple scan compared to those in 3c and 6c. The second redox couple in
at a scan rate of 100 mV s−1 and (c) variable scan at scan rates of the voltammograms shown in Fig. 15 represents the monoelec-
1000, 500 and 100 mV s−1. tronic reduction of bipyridine and phenanthroline groups to

the respective anions which are reoxidized quasi-reversibly
upon reversal of the scan direction. Such ligand basedThe potentials for oxidation and reduction during the anodic

and cathodic scans as well as the peak-to-peak separation reductions have also been reported by Bartak40 and Bard
et al.41(DEp) for oxidation of these compounds are gathered in

Table 3. Like the Ni() complexes, the Cu() complexes of 3c and
6c exhibit two main redox processes upon reduction. Fig. 16The Cu() and Ni() complexes 8–11 possess several elec-

troactive centers. Unlike the ‘free’ ligands (3c and 6c), the represents a typical cathodic voltammetric response of the
Cu() complex of 3c. The first redox signal consists of tworedox chemistry of these complexes is expected to be influenced

by the presence of the electropositive metal ions. Indeed, upon closely spaced redox couples which are better resolved in the
Osteryoung square wave voltammograms. The observation ofreduction of the Ni(II ) complexes of 3c and 6c two separate

quasi-reversible redox processes were observed (Fig. 15). The these two closely spaced reduction waves for each of these
complexes attests to the fact that the two nitroxide groups involtammograms suggest that the two nitroxide groups in these

complexes are equivalent and independent of one another. each are electronically coupled and are therefore sequentially
reduced at different potentials. The reduction wave centeredThey are therefore simultaneously reduced in a two-electron
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Fig. 16 Cyclic voltammograms for the reduction of copper() complex
8, in dichloromethane, (a) at a scan rate of 100 mV s−1 and (b)
Osteryoung square wave voltammogram at a frequency of 15 Hz,
square wave amplitude of 25 mV and a potential step of 4 mV.

at −1.67 V for each of these complexes is due to reduction of
the bipyridine and phenanthroline moieties, respectively. The
Ni() and Cu() complexes of 3c and 6c also formed
nitrosonium dications upon oxidation via a two-electron quasi-
reversible process. These dications are formed at more positive
potentials than those of the ligands. The dications formed
upon oxidation of the Cu() complexes are not stable on the
cyclic voltammetric timescale. Some decomposition products
are evident in the cathodic voltammetric response correspond-
ing to the reduction of the nitrosonium dications to the
nitroxides. Although most of the bis(nitronyl nitroxide) oxi-
dation or redox products are stable on the cyclic voltammetric
timescale, they are not stable on the coulometric timescale. In
an effort to probe the fate of the oxidized species, we subjected
the bis(nitronyl nitroxide) compounds to exhaustive electroly-
sis. Electrolytic oxidation followed by EPR examination of
the products revealed that the diamagnetic nitrosonium cat-
ions22,43,44 had decomposed to unknown paramagnetic species.
The EPR spectra of such species exhibit seven main lines and
some minor splittings. The seven lines have a pattern similar
to those of imino nitroxides.15,45 This suggests that the

Fig. 17 Cyclic voltammograms for the reduction of nickel() complexnitrosonium dications formed upon electrolytic oxidation
13, in dichloromethane, at a scan rate of 100 mV s−1 , demonstratingdecompose to products which contain at least an imino
the effect of reversing scan direction (a) after the first wave (top),nitroxide. The mechanism by which this transformation occurs after the second wave (middle), and after the third wave (bottom);

is not clear to us at this moment. Since the bis(nitronyl (b) Osteryoung square wave voltammogram at a frequency of 15 Hz,
nitroxide) compounds are irreversibly reduced, no attempt was square wave amplitude of 25 mV and a potential step of 4 mV.
made to subject these compounds to electrolytic reduction.
However, the Cu() and Ni() complexes of 3c and 6c were
subjected to coulometric reduction. The EPR spectra before Table 4. Oxidation of both nitroxide groups to the correspond-

ing nitrosonium cations is more difficult compared to the ‘free’and after coulometry of these complexes are entirely different.
Such spectra recorded after coulometric reduction of the Cu() ligands by ca. 0.8 V owing to the presence of the divalent

metal center.complexes of 3c and 6c closely resemble those of the ‘free’
ligands 3c and 6c. Evidently, coulometric reduction of these
complexes is accompanied by formation of the ‘free’ ligands. Conclusion
Similar observations have been reported for [Ru(bpy)3 ]2+ ,42
Co(II )/bpy,46 Mn(II )/bpy,47 and [Fe(bpy)3 ]2+ complexes in This study has revealed some interesting observations about

the physical properties of bis(nitronyl nitroxide) oligopyridinicacetonitrile.48
Nickel complex 13 shows four successive redox processes compounds. Magnetic measurements and their interpretation

reveal that the through-bond interaction between the twoupon reduction, the first two being dielectronic while the last
two are monoelectronic. The cyclic voltammograms for radical centers is only present in the pyridine based biradicals.

In all other cases weak through-space antiferromagnetic inter-reduction of 13 are shown in Fig. 17(a) with the corresponding
square wave voltammogram in Fig. 17(b). The square wave actions are predominant. EPR studies showed that the intra-

molecular spin–spin interactions in these compounds arevoltammogram suggests that two sets of equivalent nitroxide
groups are present in 13. The third and fourth redox processes modulated by temperature. At cryogenic temperatures, the

EPR spectra of these compounds are dominated by aniso-correspond to successive reduction of the two bridging pyridine
groups which are non-equivalent. The peak potentials for tropies in nitrogen hyperfine coupling and g tensors. The

observed anisotropic broadening of the EPR spectra of theseoxidation and reduction of these complexes are gathered in
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Table 4 Cathodic and anodic peak potentials (V ) vs. Ag/Ag+ for Table 5 Crystallographic data for compounds 2c and 4c
complexes 8 to 11a

2c 4c
Reduction

Empirical formula C19H27N5O4 C24H30N6O4Formula weight 389.5 466.5Complex Oxidation I II III
Crystal color Violet Green
Crystal system Monoclinic Monoclinic8 Epa=1.12 Epc=0.45 Epc=0.59 Epc=1.67

Epc=0.97 Epa=0.34 Epa=0.49 Epa=1.54 Space group P21/c P21/na/Å 6.192(2) 17.216(5)10 Epa=1.10 Epc=0.46 Epc=0.57 Epc=1.67
Epc=0.95 Epa=0.35 Epc=0.47 Epa=1.57 b/Å 11.794(3) 10.832(3)

c/Å 13.513(4) 6.247(2)9 Epa=1.06 Epc=0.48 Epc=1.78
Epc=0.90 Epa=0.35 Epa=1.67 b/° 93.74(2) 95.71

V /Å3 984.7 1159.211 Epa=1.01 Epc=0.71 Epc=1.92
Epc=0.86 Epa=0.52 Epa=1.80 Z 2 2

D/g cm−3 1.312 1.33713 Epa=1.03 Epc=0.56 Epc=0.86
Radiation Cu-Ka graphite Cu-Ka graphiteaIn 0.1 M NB4ClO4–dichloromethane solution at a glassy carbon

monochromated monochromatedelectrode (redox couples referred to as first (I ), second (II ), and third
No. observations (I>3sI) 966 1025(III )); Epc=cathodic peak potential; Epa=anodic peak potential.
R/Rw ∞ 0.045/0.078 0.040/0.060

molecules is one of the reasons that nitroxides have found
X-Ray crystallographic analysisuseful applications in spin labelling, their sole purpose being

to report changes in the motion and/or environment of the Single crystals were isolated from a cluster of crystals and
larger molecule to which they are attached. The biradicals mounted on a rotation-free goniometer head. Systematic
examined in this study could be useful in probing the searches in reciprocal space using a Philips PW1100/16 auto-
environment of complex systems such as vesicles. matic diffractometer with Cu-Ka graphite monochromated

Electrochemical reduction of the bis(nitronyl nitroxide) radiation showed that crystals of 1c, 2c and 4c belong to the
compounds is complicated by chemical reactions. Oxidation monoclinic space group (P21/c for the first two and P21/n for
resulted in formation of the nitrosonium dications. The corre- the last). Quantitative data were obtained at −100 °C for all
sponding metal complexes exhibit some interesting electro- compounds. Selected experimental parameters are given in
chemical properties. Upon oxidation they also formed the Table 5. The resulting data sets were transferred to a DEC
nitrosonium dications but at more positive potentials than Alpha work station and subsequent calculations made with
those formed by the bis(nitronyl nitroxides). Reduction of the Nonius OpenMoleN package.49 Three standard reflections
these complexes resulted in simultaneous reduction of the measured every hour during the entire data collections period
nitroxide groups in addition to reduction of the spacer units. showed no significant trend. The raw data were converted into

intensities and corrected for Lorentz polarization factors.
The structures were solved using direct methods. After

refinement of the heavy atoms, Fourier-difference mapsExperimental
revealed maxima of residual electronic density close to the

EPR Spectroscopy positions expected for hydrogen atoms; they were introduced
into structure-factor calculations by their computed coordi-X-Band EPR spectra were obtained on a Bruker ER-200D
nates (C–H 0.95 Å) and isotropic thermal parameters such asspectrometer equipped with a variable-temperature accessory.
B(H )=1.3 Beq(C ) Å2 but not refined (full matrix least-squaresA 100 kHz magnetic field modulation was used. The solution
refinements). Final difference maps revealed no significantsamples (#1 mM ) were degassed by three freeze–pump–thaw
maxima. The scattering factor coefficients and anomalouscycles and sealed in vacuo. Spectra at 77 K were recorded
dispersion coefficients, respectively, were taken from ref. 50(a)using a Dewar insert. All EPR experiments were conducted
and 50(b).under vacuum conditions. The solvent dichloromethane

Full crystallographic details, excluding structure factors,(Aldrich) was distilled over P2O5 under vacuum conditions.
have been deposited at the Cambridge Crystallographic
Data Centre (CCDC). See Information for Authors, 1999,

Electrochemistry Issue 1. Any request to the CCDC for this material should
quote the full literature citation and the reference numberElectrochemical experiments were performed using
1145/145. See http://www.rsc.org/suppdata/jm/1999/1435 forBioanalytical Systems 100 and 100B analysers, equipped with
crystallographic files in .cif format.IR compensation. A Houston DMP-40 plotter and Hewlett-

Packard color plotter were used to record the voltammograms.
The dichloromethane used in the electrochemical studies was Other instrumentations
also distilled over P2O5 under vacuum conditions. Electroactive

Mps are uncorrected; Büchi-535 capillary melting pointsamples were present at a concentration of #1 mM. The
apparatus in open ended capillaries. UV/VIS spectra: Shimatzureference electrode consisted of a silver wire immersed in 0.1
UV-260 or Perkin-Elmer Lambda 5 spectrophotometer. FT-M n-tetrabutylammonium perchlorate solution containing
IR spectra: Bruker IFS 25 spectrometer; KBr pellets. NMR10 mM AgNO3 in dichloromethane–acetonitrile (951). The
spectra: at R.T. unless otherwise noted; Bruker-SY-200 orsupporting electrolyte, n-tetrabutylammonium perchlorate
AC-200 (200.1 (1H) or 50.3 MHz (13C); d(H) in ppm relative(Fluka), was recrystallized from ethyl acetate twice and dried
to the solvent CDCl3 (7.25), d6-DMSO (2.50), d5-pyridineat 80 °C for #15 h in a vacuum oven. Glassy carbon was used
(8.70, 7.58, 7.20), CD3OD (d 3.35); d(C) in ppm relative toas the working electrode for electrochemical studies. It was
the solvent CDCl3 (77.0), d5-pyridine (d 124–150), CD3ODpolished with a diamond paste (METADI ) of particle sizes 3
(d 49.3). MS: fast-atom bombardment (FAB, positive modeand 0.25 mm. The counter electrode was a platinum wire.
ZAB-HF-VG-Analytical apparatus in a m-nitrobenzyl alcoholElectrolytic reductions/oxidations were carried out at a

platinum mesh surface with a silver wire as pseudoreference. matrix unless otherwise specified.
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Materials 6,6∞-Bis(4,4,5,5-tetramethylimidazoline 3-oxide 1-oxy 2-yl )-
2,2∞-bipyridine 3c. To a suspension of compound 3b (0.43 g,

NBS (Fluka), azobisisobutyronitrile (AIBN ) (Janssen), SiO2 0.9 mmol ) in dichloromethane (50 mL) was added an aqueous
(Merck), alumina (Merck), sodium periodate (Janssen), silver solution (50 mL) of sodium periodate (0.49 g, 2.3 mmol ). The
oxide (Strem), copper perchlorate hexahydrate (Janssen), biphasic mixture was stirred for one hour. The product was
nickel perchlorate hexahydrate (Fluka). extracted with dichloromethane and the organic layers were

dried over magnesium sulfate. Short column chromatography
Preparations (alumina, CH3CO2C2H5–MeOH 9555, Rf=0.65), and recrys-

tallization of the blue fractions (CH2Cl2–hexane), gave deep2,6-Bis(1,3-dihydroxy-4,4,5,5-tetramethylimidazolin-2-yl)-
blue crystals (0.3 g, 70%), mp 235 °C. IR (KBr): 2993 m,pyridine 1b. A mixture of 2,3-bis(hydroxyamino)-2,3-dimethyl-
1577 m, 1452s, 1411s, 1358s (nNO), 1181 m, 1140 m cm−1. UV-butane (0.56 g, 3.8 mmol ) and 0.25 g of 2,6-diformylpyridine
Vis (CH2Cl2): l/nm (e/M−1 cm−1) 575 (740) (n�p*, NO),1a (1.85 mmol ) in 50 mL of methanol was stirred at room
369 (24 500), 277 (25 600) (p�p*, bpy), 234 (27 100). FAB+temperature for 3 d. The precipitate was filtered off to obtain
m/z 467, [M+H]+; 451 [M−O+H], 436 [M−2O+2H ], 420compound 1b in 52% yield. 1H NMR (d6-DMSO): d 7.72 (s,
[M−30+2H ] (Calc. for C12H15N3O2 : C, 61.79; H, 6.48; N,4 H, OH), 7.54 (s, 2H, H3,5 pyridine), 7.50 (s, 1H, H4 18.01. Found: C, 61.62, H, 6.42, N, 17.93%).pyridine), 4.67 (s, 2H, CH imidazoline), 1.08 (s, 24H, CH3)

13C-{1H} NMR (d5-pyridine): d 161.7 (Cquat pyridine), 121.3,
5,5∞-Bis(1,3-dihydroxy-4,4,5,5-tetramethylimidazolin-2-yl)-92.5 (CH imidazoline), 67.4 (Cquat imidazoline), 24.6 (CH3),

2,2∞-bipyridine 4b. A solution of 2,3-bis(hydroxyamino)-2,3-18.3 (CH3) IR (KBr): 3405s (nOH), 2982 m, 2932 m, 1596w,
dimethylbutane (0.648 g, 4.6 mmol ), and 0.45 g of compound1577w, 1460s, 1371s, 1161s cm−1 . FAB+ m/z 396, [M+H]+.
4a (2.1 mmol ) in 30 mL of methanol was stirred at room
temperature for 3 d. Removal of the precipitate and concen-2,6-Bis(4,4,5,5-tetramethylimidazoline 3-oxide 1-oxy 2-yl )-
tration of the mother-liquors led to a second crop and an 85%pyridine 1c. To a suspension of compound 1b (0.155 g,
yield of 4b. 1H NMR (d6-DMSO): d 8.70 (s, 2H, H6,6∞-bpy),0.37 mmol ) in dichloromethane (50 mL) was added an aque-
8.34 (d, 2H, 3J=8.0, H3,3∞-bpy), 7.98 (d, 2H, 3J=7.1 Hz, H4,4∞-ous solution (50 mL) of sodium periodate (0.15 g, 0.73 mmol ).
bpy), 7.92 (s, 2H, OH exchange with D2O), 7.60 (s, 2H, OHThe biphasic mixture was stirred for one hour. The product
exchange with D2O), 4.62 (s, 2H, CH imidazoline), 1.05 (m,was extracted with dichloromethane and the organic layers
24H, CH3). 13C-{1H} NMR (d5-pyridine): d 156.0, 140.1,were dried over magnesium sulfate. After chromatography
136.7, 135.9, 121.1, 89.5, 78.6, 67.4, 60.7, 28.8, 25.4, 25.1, 24.2,(alumina, CH3CO2C2H5–MeOH 9555, Rf=0.5), and recrys-
24.0, 22.2, 19.4, 17.9, 15.2. IR (KBr): 3254s (nOH), 2979 m,tallization of the blue fractions by slow evaporation from a
1595 m, 1467s, 1367s, 1151s cm−1 . FAB+ m/z 473, [M+H]+;CH2Cl2–hexane solution, deep blue crystals (0.094 g, 64%)
457 [M−O+H], 441 [M−2O+H ].were obtained, mp 226 °C (decomp.). IR ( KBr): 2986w, 1586w,

1453 m, 1412s, 1368s (nNO), 1187 m, 1133 m cm−1. UV-Vis
5,5∞-Bis(4,4,5,5-tetramethylimidazoline 3-oxide 1-oxy 2-yl )-(CH2Cl2): l/nm (e/M−1 cm−1) 570 (720) (n�p*, NO), 369

2,2∞-bipyridine 4c. To a suspension of compound 4b (0.05 g,(25 000), 273 (18 300) (p�p*, pyridine), 233 (14 200). FAB+
0.1 mol ) in dichloromethane (10 mL) was added an aqueousm/z 390, [M+H]+; 375 [M−O+2H], 359 [M−2O+2H ],
solution (10 mL) of sodium periodate (0.075 g, 0.3 mmol ).344 [M−3O+3H], 328 [M−4O+3H] (Calc. for
The biphasic mixture was stirred for one hour. The productC19H27N5O4 : C, 58.60; H, 6.99; N, 17.98. Found: C, 58.49, H,
was extracted with dichloromethane and the organic layers6.91, N, 17.92%).
were dried over magnesium sulfate. Short column chromatog-
raphy (alumina, CH3CO2C2H5–MeOH 9555, Rf=0.78), and2,5-Bis(4,4,5,5-tetramethylimidazoline 3-oxide 1-oxy 2-yl )-
a recrystallization of the green fractions (CH2Cl2–hexane),pyridine 2c. To a solution of 2,5-diformylpyridine 2a (0.25 g,
gave deep green crystals (0.025 g, 52%), mp >250 °C1.85 mmol ) in methanol (50 mL) was added 2,3-bis(hydroxya-
(decomp.). IR ( KBr): 2975 m, 1592 m, 1453 m, 1420s, 1370 m,mino)-2,3-dimethylbutane (0.55 g, 3.7 mmol ). The mixture
1347s (nNO), 1135 m cm−1 . UV-Vis (CH2Cl2): l/nmwas stirred for 3 d and the solvent then removed under
(e/M−1 cm−1) 607 (320) (n�p*, NO), 532 (350) (n�p*, NO),vacuum. The resulting solid was oxidized in dichloromethane
318 (30 000), 256 (14 100), FAB+: m/z 467, [M+H]+ ; 452with silver oxide (0.4 g) for 2 h. The filtrate obtained after
[M−O+2H ], 436 [M−2O+2H ], 421 [M−3O+3H ], (Calc.removing the solid particles was chromatographed (Al2O3 ,
for C12H15N3O2 : C, 61.79; H, 6.48; N, 18.01. Found: C, 61.50,ethyl acetate–MeOH 9555, Rf=0.82), and a recrystallization
H, 6.26; N, 17.73%).of the blue fractions (CH2Cl2–hexane) gave deep blue crystals

(0.023 g, 3%). IR (KBr): 2983 m, 1591w, 1462 m, 1414s, 1351s
4,4∞-Bis(1,3-dihydroxy-4,4,5,5-tetramethylimidazolin-2-yl)-(nNO), 1293 m, 1168 m, 1137s cm−1 ; UV-Vis (CH2Cl2): l/nm

2,2∞-bipyridine 5b. A solution of 2,3-bis(hydroxyamino)-2,3-(e/M−1 cm−1) 585 (550) (n�p*, NO), 376 (17 000), 317
dimethylbutane (0.367 g, 2.5 mmol ), and 0.250 g of compound(20 000), 284 (20 100) (p�p*, pyridine). FAB+ m/z 390,
5a (1.2 mmol ) in 30 mL of methanol were stirred at room[M+H]+ (Calc. for C19H27N5O4 : C, 58.60; H, 6.99; N, 17.98.
temperature for 3 d. Removal of the precipitate gave 0.2 gFound: C, 58.52, H, 6.91, N, 17.90%).
(36%) of 5b. 1H NMR (d6-DMSO): d 8.70 (m, 4 H ), 7.98 (br
s, 2H), 7.66 (s, 2H, OH), 7.52 (s, 2H, OH), 4.60 (s, 2H, CH6,6∞-Bis(1,3-dihydroxy-4,4,5,5-tetramethylimidazolin-2-yl)-

2,2∞-bipyridine 3b. A solution of 2,3-bis(hydroxyamino)-2,3- imidazoline), 1.05 (m, 24H, CH3). 13C-{1H} NMR (d5-pyri-
dine): d 153.4, 150.3, 149.1, 124.5, 123.9, 121.4, 90.7, 79.9,dimethylbutane (0.35 g, 2.3 mmol ) and 0.25 g of 6,6∞-diformyl-

2,2∞-bipyridine 3a (1.3 mmol ) in 60 mL of methanol was stirred 67.6, 60.9, 28.6, 24.9, 22.3, 18.0, 15.4. IR (KBr): 3252s (nOH),
2981 m, 1594 m, 1465s, 1370 m, 1153s cm−1 . FAB+ m/z 473at room temperature for 3 d. Then the precipitate was removed

to obtain a yield 72% of the adduct 3b, mp 245 °C (decomp.). [M+H]+; 457 [M−O+H ].
1H NMR (d6-DMSO): d 8.32 (d, 2 H, 3J=7.5, H3,3∞ bpy), 7.95
(m, 2H), 7.81 (s, 4H, OH), 7.63 (d, 2H, J=7.6 Hz, H5,5∞ bpy), 2,9-Bis(4,4,5,5-tetramethylimidazoline 3-oxide 1-oxy 2-yl )-

1,10-phenanthroline 6c. 2,9-Diformyl-1,10-phenanthroline 6a4.75 (s, 2H, CH imidazoline), 1.13 (s, 12H, CH3), 1.11 (s,
12H, CH3). 13C-{1H} NMR (d5-pyridine): d 137.8, 136.7, (1 g, 4.2 mmol ) was stirred in 100 mL of methanol with 2,3-

bis(hydroxyamino)-2,3-dimethylbutane (1.25 g, 8.4 mmol ) for122.3, 121.7, 120.1, 92.8, 67.6, 28.6, 25.9, 24.6, 23.9, 19.5, 18.2.
IR (KBr): 3254s (nOH), 2975 m, 2828 m, 1577 m, 1444s, three days. The solvent was removed under vacuum, and the

resulting solid solubilized in dichloromethane (100 mL). An1371 m, 1148s cm−1. FAB+ m/z 473 [M+H]+.
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aqueous solution of NaIO4 (2.7 g, 12.6 mmol, in 50 mL water) [2,9-Bis(4,4,5,5-tetramethylimidazoline 3-oxide 1-oxy 2-yl )-
1,10-phenanthroline]nickel(II ) perchlorate 11. Yield 89%. IRwas then added and stirred for 1 h. The organic layer was

removed, washed with water, and dried over magnesium ( KBr): 2989w, 1562 m, 1458 m, 1355s (nNO), 1315w, 1098
(vs) cm−1. UV-Vis (MeOH ): l/nm (e/M−1 cm−1) 768 (325),sulfate. After chromatography (alumina, ethyl acetate–meth-

anol 9555) a purple fraction was obtained. Recrystallization 694 (376) (n�p*, NO), 631 (310) (n�p*, NO), 331 (30 700),
271 (33 400), 240 (26 300), 211 (29 400). FAB+ (m/z) 647,in a dichloromethane–hexane mixture, by slow evaporation of

dichloromethane, gave deep purple crystals of 6c (0.2 g, 10%). [M−ClO4 ]+; 631 [M−ClO4−O], 615 [M−ClO4−2O], 548
[M−2ClO4 ], 532 [M−2ClO4−O], 516 [M−2ClO4−2O].IR (KBr): 2979 m, 1553 m, 1470 m, 1425s, 1376s (nNO),

1166 m, 1146s cm−1. UV-Vis (CH2Cl2): l/nm (e/M−1 cm−1) (Calc. for C26H30Cl2N6NiO12 : C, 41.74; H, 4.04; N, 11.23.
Found: C, 41.59; H, 3.73; N, 11.02%).569 (607) (n�p*, NO), 392 (9400), 318 (24 800), 263 (25 800),

238 (34 500). FAB+ m/z 491, [M+H]+. (Calc. for
Bis[2,6-bis(4,4,5,5-tetramethylimidazoline 3-oxide 1-oxy 2-C13H15N3O2 : C, 63.66; H, 6.16; N, 17.13. Found: C, 63.58, H,

yl )pyridine]copper(II ) perchlorate 12. Yield 90%. IR ( KBr):6.14; N, 17.10%).
2991 m, 1592 m, 1456 m, 1427 m, 1352s (nNO), 1175s, 1094
(vs) cm−1. UV-Vis (MeOH): l/nm (e/M−1 cm−1) 530 (3100)3,6-Bis[6-(1,3-dihydroxy-4,4,5,5-tetramethylimidazolin-2-
(n�p*, NO), 369 (32 700), 273 (28 900), 215 (38 400). FAB+yl )-2-pyridyl]pyridazine 7b. 2,3-Bis(hydroxyamino)-2,3-
m/z 942, [M−ClO4+2H]+ ; 926 [M−ClO4−O+2H ], 912dimethylbutane (0.268 g, 1.8 mmol ) was condensed with 3,6-
[M−ClO4−2O+4H], 841 [M−2ClO4 ], 825 [M−2ClO4−O],di(6-formyl-2-pyridyl )pyridazine 7a (0.25 g, 0.86 mmol ) in
809 [M−2ClO4−2O], 793 [M−2ClO4−3O] (Calc. formethanol (50 mL). The adduct 7b precipitated, and was iso-
C38H54Cl2CuN10O16 : C, 43.83; H, 5.23; N, 13.45. Found: C,lated by filtration (0.223 g, 47%). 1H NMR (d6-DMSO): d
43.69; H, 5.17; N, 13.38%).8.73 (s, 2H, CH pyridazine), 8.56 (d, 2H, 3J=7.8, H3 pyridine),

8.07 (t, 2H,3J=7.7, H4 pyridine), 7,85 (s, 4H, OH), 7.77 (d,
Bis[2,6-bis(4,4,5,5-tetramethylimidazoline 3-oxide 1-oxy 2-2H, 3J=7.8 Hz, H5 pyridine), 4.81 (s, 2H, CH imidazoline),

yl )pyridine]nickel(II ) perchlorate 13. Yield 90%. IR ( KBr)1.14 (s, 12H, CH3), 1.12 (s, 12H, CH3). 13C-{1H} NMR (d5- 2991w, 1591w, 1461 m, 1428 m, 1342s (nNO), 1178 m, 1099pyridine): d 182.2, 163.4, 158.8, 152.8, 137.5, 125.2, 120.5,
(vs) cm−1. UV-Vis (MeOH ): l/nm (e/M−1 cm−1) 764 (300),92.86 (CH imidazoline), 67.7 (Cquat imidazoline), 24.8 (CH3),
575 (2000) (n�p*, NO), 369 (20 000), 210 (40 000). FAB+18.33(CH3). IR ( KBr): 3342s (nOH), 2983 m, 2931 m, 1592w,
m/z 937 [M−ClO4+2H]+ ; 921 [M−ClO4−O], 9051577 m, 1461s, 1372s, 1159s cm−1. FAB+ m/z 551, [M+H]+;
[M−ClO4−2O], 836 [M−2ClO4 ], 820 [M−2ClO4−O], 804535 [M−O+H].
[M−2ClO4−2O], 788 [M−2ClO4−3O] (Calc. for
C38H54Cl2N10NiO16: C, 44.03; H, 5.25; N, 13.51. Found: C,

3,6-Bis[6-(3∞-oxide-1∞-oxyl-4∞,4∞,5∞,5∞-tetramethylimidazolin- 43.87; H, 5.09; N, 13.41%).
2∞-yl )-2-pyridyl]pyridazine 7c. An aqueous solution of sodium
periodate (0.116 g, 0.54 mmol, in 20 mL water) was added to
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