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Synthesis and UV -vis, IR, and EPR spectroscopic characterizations, together with X-ray structural analysis, of functional nitronyl- and
iminonitroxides attached to pyrazolylbipyridine are described. The exchange interactions between the nitronylnitroxides are found to be stronge r
than for the iminonitroxides. Although the substitution of a pyridine with the pyrazole ring leads to shorter distances and larger dipolar

couplings, the exchange interaction is diminished. While compound 1 forms dimers in the solid state, the terpyridine 3 leads to supramolecular
zr-stacking.

Various approaches toward magnetic properties or moleculardazoli-din-2-yl]-6-(pyrazol-1"-yl)-2,2'-bipyridind and the
magnets with organic spin units have been dealt with 4" 5"-bis[3-oxide-1-oxyl-4,4,5,5-tetramethyl-imidazolin-2-yl]-
experimentally and theoreticallyThey can be classified into  6-(pyrazol-1'-yl)-2,2'-bipyridine 2. Because detailed studies
pure organic ones through synthesis of extended polyradicalsof doubly disjoint biradicals are scarce compared with
or ordering of discrete radical molecules viastacking or nondisjoint system&,we compare their structure and ex-
hydrogen bonding and into the organic inorganic hybrid change coupling behavior to the previously reported terpy-
approach combining organic radicals with spin active metal ridines (3and4)> where now also the X-ray structure and
ions or metal complexes. It has been demonstrated that lineathe exchange couplings are elucidated (Scheme 1). We
alternating chains of nitronylnitroxides and M(hfacan be experimentally found that despite being doubly disjointed,
formed, even leading to ferro- or ferrimagnetic materfals. their estimated through-bond exchange interactial) (&
Therefore, high spin molecules with two or more nitronylni- both ferromagnetic and unexpectedly large as compared with
troxides should not only help to extend the magnetic nondisjointed biradicals, like those based on disemiquinone
structures toward higher dimensions but also overcome theand dinitroxide systensThe assembly of diradicalk and
usual antiferromagnetic interaction between chains. We now 2 requires the synthesis of the nonsymmetric dicarbaldehyde
report the synthesis of two such models, the organic 9. This is achieved via a multistep synthetic approach
biradicals 4" ,5'-bis[3-oxide-1-oxyl-4,4,5,5-tetramethyl-imi- involving Stille coupling of fragmentg and8 (Scheme 1)
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followed by acid hydrolysis of the acetal. Condensation of
9 with bis(hydroxylamino)-dimethylbutan®0 and then by
periodate oxidation under phase transfer conditions affords
1(9%) or2 (18%) depending on the amount of oxidant used. Figure 1. X-ray structures ofl and3 with ORTEP drawn at the
The blue nitronylnitroxide biradicdl (pzpy:NN) is stable 50% of the probability level. The hydrogen atoms are omitted for
as a solid and in toluene solutions. A typical broad band is ¢2M-
observed in the visible spectrum (toluefgax = 610 nm,e
= 1114 M1 cm™%, n — z* transition). Also the orange-red ) _
iminonitroxide biradical (pzpyIN) shows similar stability, ~ nclusion of CHC4 prevents formation of extendetnet-
with the expected blue-shifted absorption (toluehgsy = works. The b|rad|cal_3, on 'Fh_e oth_er hand, _Iead; to a
467 nm,e = 1082 M! cm%). Comparison with the earlier supramolecular stacking motif in solid state, with units?180

reported aminoxyl-oxide transitions Bi(toluene,ina 605  'otated on top to each at~ 3.3 A. o

nm, e = 480 M1 c1)s and 4 (toluene Amax 459 nm,e = Although §uch §tack|ng arrangement should give rise to
380 M- cr4)5 show a hampered radical’s optical absorption férromagnetic chains, at 300 K they value corresponds to
when the spin carriers are directly bound to the pyridine ring 2-44 #s, consistent with the theoretical 2.4 for two

with respect to those directly connected to pyrazole moiéties. Uncorrelated spins, hence suggesting the near degeneracy of
The IR of 1 features an intensey_o stretching vibration at smglgt and triplet states at high temperature._T.h|s value
1352 cnt?, which is weaker and shifted & (vy_o = 1371 remains aImo;t constant down to 70 K; then, it increases
cmY). These are consistent both in frequency and intensity Weakly, reaching a maximum at18 K (2.55us) followed

with those observed i1 and 45 Suitable crystals were DY & sharp decrease at lower temperatures (Figure 2). The
grown in CHC for 18 and in acetone fa8.° Their structures ~ rénd inuer is analyzed in term of singletriplet equilibrium

are reported in Figure 1 together with structural parametersWithin the molecule, including an averaged intermolecular
such as dihedral anglesb] and intramolecular radical Interaction, adopting the mean-field approximation motfel.
distances. The two systems share nearly planar arrangements Such analyses provides a fairly large ferromagnetic
of the coupling core and rather small twisting angles between through-bond interaction, withJa, = 29.4+ 5.6 K, and

the imidazolyl and the pyridyl/pyrazolyl rings. Therefore, an averaged antiferromagnetic through-space interaétion
the geometrical prerequisite to enable excellent conjugation= —2.6+ 0.2 K (rms= 0.71). To obtain a better estimation
between the radical fragments through the coupler is ensured©f the AEs 1, low-temperature EPR studies are then carried
The biradical1 forms dimers in the solid state, where out on the dilute toluene solution &. In this way, the

(7) Zoppellaro, G.; Geies, A.; Enkelmann, V.; Baumgarten,Bvir. J. (9) CCDC 234179. Formula fa8: CpgHz/N7Og, My, = 579.66, mono-
Org. Chem2004,11, 2367. clinic, space grougP2i/c (no. 14),a = 6.5690 A,b = 21.5610 A.c =

(8) CCDC 229003. Formula fofl: CpgH33NgO4Cls, My, = 651.98, 20.6620 A,a. = 90°, 8 = 90.8°,y = 90°,V = 2926.16 B, o = 1.316 g
triclinic, space grougPl (no. 2),a = 11.5796(4) Ab = 12.3160(5) Ac x cm3, u (Mo Ka/mm™1) = 0.094,Z = 4, T = 120 K. Crystal color,
= 12.7410(5) Ao = 69.9597(13)° 8 = 65.7760(14)°y = 88.9354(12)°, shape, and size: blue, prism, 0.890.14 x 0.42 (mm). Dataset: 5870
V = 1540.85(11) &, pc = 1.405 g cm3, u (Mo Ka/mm~?) = 0.346,Z = total, 1924 unique reflections (4.% v < 27.4°) of which 1911 were
2, T =120 K. Crystal color, shape, and size: blue, prism, 0:00.21 x observed [§ > 2.00(lo)], Nref 1911,Npar 379,S= 1.07. The structures were
0.38 (mm). Dataset: 31 506 total, 8016 unique reflections {4.0< 29.0°) solved by direct methods (SHELXS) and refined by a full-matrix least-
of which 3793 were observedo[> 2.00(lp)], Nrer 3793, Npar 388, S = squares procedure & value of 0.0645 (WR= 0.0666, all data). The
1.07. The structure was solved by direct methods (SHELXS) and refined crystallographic data were collected on Nonius Kappa CCD (Mg /K=
by a full-matrix least-squares procedure Rp value of 0.0512 (R, = 0.71073 A) diffractometer equipped with a graphite monochromator. The

0.0571, all data). The crystallographic data were collected on Nonius Kappa full crystallographic details, excluding structure factors, were deposited with
CCD (Mo Ka, u = 0.71073 A) diffractometer equipped with a graphite  the Cambridge Crystallographic Data Centre.

monochromator. The full crystallographic details, excluding structure factors,  (10) Bino, A.; Johnston, D. C.; Goshorn, D. P.; Halbert, T. R.; Stiefel,
were deposited with the Cambridge Crystallographic Data Centre. E. I. Sciencel988,241, 1479.
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Figure 2. Plot of the observed magnetic susceptibilityO) and
Uert (@, units in Bohr magnetopg) vs temperature (T, in K) for
the crystalline sample of biradical The inset shows a view down
the crystallographic-axis of a section for the-stacking of3. The
best fit curves fouer andy are shown as dashed and plain lines
with parameters given in the text.

intermolecular contributions are made negligible (vide infra).
The liquid solution EPR spectra (toluene) exhibits 9 lines
for 1 (giso = 2.0066(1)) and 13 lines fa (giso = 2.0061-
(1)), confirming the strong exchange coupling % ay)
between the radical fragments. A lower limit|dfay| = 45
(i.e., |2J/k| = 0.06 cm?) is extracted upon simulations of
their entire EPR envelopes, without, however, gaining
knowledge of the sign od. In frozen solution, the typical
zero-field-splitting (zfs) components {b/hc| = 3.8 x 1073
cm! for 1 and |D/hc|] ~ 3.9 x 103 cm™® for 2 were
detected, corresponding to~ 8.8 and 8.7 A from a point
dipole approach? together with the forbiddem\m, = 2
transitions at half field (g ~ 4.01).

At rt and at 120 K, the ratio of double-integrated intensity
of the Ams = 1 transitions forl—4 were only 2:1 compared
with related monoradicals. Such information already provides
the range of energies in which the singtétiplet gaps are
located (0.06 cm* < |AEs-1] < 83 cn1?). The intensities
of the forbiddenAms = 2 signals increased in bothand2
almost linearly upon lowering the temperature down to 4 K
(Curie-like). The product Dix T vs T, on the other hand,
increased upon lowering the temperature (Figure 3A\for
showing its full triplet occupation. Fitting the Dt T data
according to the BleaneyBowers modéP for two interact-
ing S= 1/2 systems gave 23 AEs_t = 13.3+ 4.9 cn1?
for 1. For2, the singlet-triplet gap, however, is much smaller
and falls in the range of 0.06 cth< AEs_t < 0.7 cn1!
(Figure 3B) with the lower limit being consistent with the rt
simulation of its EPR envelope. These findings confirm the
greater proclivity of nitronylnitroxides to adopt high-spin
ground states compared to iminonitroxides. For the terpy-
ridine biradicals3 and 4, careful control of the low-

(11) Electron Paramagnetic Resonant®eil, J. A.; Bolton, J. R.; Wertz,
J. E., Eds.; VCH-Wiley Interscience: New York, 1994; p 174.
(12) Bleaney, B.; Bowers, KProc. R. Soc. Londoti952, A214, 451.
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Figure 3. Evolution of the double-integrated signal intensities (DI,
A) and the product Dk T (@) vs T of the Ams = 2 signal forl
(A), 2 (B), 3 (C), and4 (D) in the low-temperature range. The
solid lines represent the theoretical fitting according to the Bleaney
Bower model, and the insets show the obsexad = 2 transition

at the lowest temperatures € 4 K for (A), (B), and (C), T=7

K for (D)). The dashed line inK) shows the fitting assuming the
singlet ground stateS(= 0) and the solid line shows the fitting for
the triplet ground stateS(= 1).

temperature data of thems = 2 transitions followed by the
DI x T vsT fitting yielded a more accuratAEs_t = 15.4
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+ 2.0 cn1? for 3 (Figure 3C) and the small&xEs_1 = 8.7 recognition of their tridentate nitrogen binding cage is
+ 1.0 et for 4 (Figure 3D). Thus, although the shorter presently underway. Such functionalized cores, even without
distance in pyrazole-containing biradicdlsand 2 leads to radical units, may further be considered as ligands for
enhanced dipolar couplinggf§) compared t8 and4, the promising spin-crossover compounds.

exchange interaction is lowered. This is due to the occurrence

of two different pathways for the spin-polarizationirand Acknowledgment. Support by the DFG and the Max
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In conclusion, we have described new biradicals and magnetic susceptibility measurements.

compared their structure and exchange interaction, which is Supporting Information Available: Detailed synthetic
sizable and ferromagnetic. In contrast with previous reports procedures toward biradicalsand2, IH, 13C NMR, UV—

in similar pyridine-based nitronylnitroxide biradical sys- yis and IR data, EPR in solution fot and 2 (with
tems!® where no significant intramolecular interactions are simulations), in the frozen state and power saturation
found, the present work shows an efficient propagation of pehaviors for all the radical systems, and X-ray structures
the spin polarization through bond even when a second oragf 1 3 and a monoradical (which was used for spin

third pyridine ring is introduced as a spacer. Their use in guantization) in CIF format. This material is available free
extended networks through their radical units and/or size of charge via the Internet at http:/pubs.acs.org.
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