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Most radicals dimerize to form a two-center, two-electron bond.
However, many delocalized radicals associate to form cofacially
aligned “r-dimers” orzr-stacks in condensed phases. The principal
driving force for w-dimerization arises from orbital overlap of
SOMOs withs-symmetry which are delocalized over several atoms,
and the strength of-dimerization tends to be low (often reversible
in solution) compared te-bond formatiort The unconventional
bpndlng !nn-dlmers has attracted conSId(-?rabIe intefestd radical Figure 1. ORTEP drawing (50% probability ellipsoids) &f Left: Partial
(ion) z-dimers orz-stacks are of central importance to a range of |apejing scheme. Right: Side view. Hydrogen atoms omitted for clarity.
solid-state charge transpbend magnetitphenomena. A variety Selected bond lengths (&) O3 16 1.220(3), 026C26 1.210(3), N1+
of features can suppress dimerization, such as the presence of chargd12 1.367(3), N1+C15 1.331(3), N13N14 1.375(3), N14C15 1.335-

on the radical (i.e., radical iofs steric protectioff, resonance (C?’%SN12312_8IE]32)2 (:lig?l(g)i 2‘3&;23219%2295(?92%’\‘ﬁ]‘:e;%igr)a :\S‘tzfj; o
delocalizatior, or spiroconjugatiod.Verdazyls1 are unusual in A) C10-C20 3.249. C15C25 3’_144‘ NIEN213.119 N14N24 3.149,

that they show no tendency tedimerize (or associate in any other  N12—N22 3.136, N13-N23 3.196, C16-C26 3.365, 016020 3.645
way) despite lacking any of the factors listed above. Herein we

report the characterization of 1;his(verdazyl)ferrocene?, a
diradical containing two verdazyl centers that fantramolecularly C——p
associatedz-dimers in the solid state, the first such association of §
verdazyl radicals. Ferrocene-basednorerdazyl3 is also presented _ =
as a model system for diradical 2 «——a =
— =]
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Diradical 2 and monoradicaB were synthesized using standard
protocols for the synthesis of 3-substituted-1,5-dimethyl-6-oxo- Figure 2. Solution absorption spectra 8{(a) and2 (b) and corresponding
verdazyls? starting from 1,%ferrocenedicarboxaldehyde and fer- solid state diffuse reflectance spectra: £€; (d) = 2.
rocenedicarboxaldehyde, respectively. Compouddsd 3 were . . N .
isolated as air-stable maroon and green crystals, respectively. Theatoms._ T.hls.effect probably arises from a combination of steric and
X-ray crystal structure o2 (Figure 1) reveals that in the solid state rehybrldlzat_loﬁ effects_. . .
the two verdazyl rings are nearly perfectly eclipsed over one another The SOIUt'_On UV_Y'S'bIe spectrum of monorad_lcaI(Flgure 2a)_

(i.e., an intramolecularz-dimer is formed). The torsion angles has absorption maxima at 396 and 470 nm, which can be assigned

between each verdazy! ring and the cyclopentadienide (Cp) ring to to verdazyl-ba_sed electronic transitions, and a typical .ferroce_ne-
which they are attached are very close to zero. The two verdazyls based absorption 450 nm. The peak at 590 nm is not native to either

appear to be drawn in toward one another: The interannuteX N ferrocene or verdazyl chromophores and appears to be a charge-
distances average 3.15 A, smaller than the standard interplarar Cp transfer bandi max for this peak is solvent-dependent. The solution
Cp separation 3.3 A) in ferrocenes. The internal structural —SPectrum of diradical (Figure 2b) shows qualitatively similar
parameters of the verdazyls are within the normal range for features, although the CT band is much broader and less well-
verdazylst® but the methyl and carbonyl groups are noticeably bent defined. However, the solid state electronic spectra are markedly
out of the verdazyl plane; for example, the carbonyl oxygen atoms different. The reflectance spectrum of monorad@4Figure 2c)

are 3.645 A apart, or0.4 A further apart than pairs of nitrogen  closely resembles the corresponding solution spectrum. In contrast,
the two verdazyl-based peaks in the solution spectrur@d afe

IT‘University of Victoria. absent in the reflectance spectrum (Figure 2d) and are replaced by
§ﬁ%’i‘ve':r'3rt‘yc'§fc%§$$ University. a broad maximum at-520 nm. We assign this new peak as a
* Memorial University of Newfoundland. HOMO — LUMO of the si-dimer, where the two frontier orbitals
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are linear combinations of the verdazdSOMO. From this we
can also infer that the2 doesnot exist as ar-dimer in solution.

2 must arise from a combination of solid-state packing effects and
the relatively conformationally restricted nature of the ferrocene

EPR spectroscopic studies qualitatively support the supposition spacer. The eclipsed structure permits a more compact packing
that the two verdazyls are uncoupled in solution. The solution EPR mode, and the face-to-face distance between Cp rings is near ideal

spectrum (see Supporting Information) consists of a brea&2DQ

to permit orbital overlap between verdazySOMOs. This contrasts

G wide) featureless signal upon which is superimposed a complexthe structures of 1;ddisubstituted ferrocenes with planarcon-

multiplet that contributes<1% of the total signal intensity.

jugated groups: Stacking of the twosubstituents is rare, and in

Inspection of the latter component reveals that it is nearly identical these cases the aromatic units typically have significant torsion

in pattern to verdazyl monoradicd§ his signal can therefore be
attributed to a small amount of doubles € /,) verdazyl-based
impurity. The broad signal is consistent with a randomly oriented
triplet species with a spiaspin dipolar interaction that is not
averaged out by the molecular tumblifigThe lack of spectral

angles €15°) with the Cp to which they are attached, leading to
“slipped” stacks of the two substituerifs.

In summary, we present the firgtdimer of a verdazyl radical,

an achievement facilitated in the solid state through intramolecular
association of two verdazyls connected to a ferrocene moiety. Future

features precludes determination of zero field splitting parameters, efforts will be aimed at elucidating other aspects of the ferroeene
and variable temperature studies were thwarted by the rapid verdazyl interaction in ferrocene-based diradicals and monoradicals.

crystallization of2 upon cooling. The EPR spectrum @afim-
mobilized in a polystyrene matrix was similarly lacking in fine
structure, suggesting that a distributiaon of conformations (facilitated
by rotational motion about the verdazyCp bonds and about the
iron—Cp axis) persists here too.

Solid state magnetic susceptibility data ®@indicate that the
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material is diamagnetic from 300 K down to cryogenic temperatures,
indicative of strong antiferromagnetic exchange(—2000 cnt?)

between radical centers. The small paramagnetic component seen (1)

at cryogenic temperatures is ascribed to a small fractid®-ef'/,
impurities, consistent with the solution EPR spectrum. Through-
bond contributions to the magnetic coupling should be small, based
on the weak || < 10 cnt?) intramolecular magnetic interactions

in (nonst-dimerized) ferrocene-bridged nitronyl nitroxide-or
triarylmethyl+? based diradicals. Thus, the diamagnetism can be
ascribed to strong antiferromagnetic exchange resulting from the
s-dimer structuré?

The solution magnetic properties 8and2 were studied using
Evans’ method. MonoradicaB has auer value of 2.39 BM,
significantly higher than the expected spin-only value of 1.73. This
is attributed to spirrorbit coupling arising from nonzero spin
density on the iron nucleus (Evans method produces; af 3.63
BM for FctPR™). The solution moment of diradicalis 3.17 BM,
higher than the spin-only values for either noninteracting radicals
(e = 2.45)0or a ground state triplet diradicalis = 2.83). The
spin—orbit contributions to the magnetic moment do not permit
guantitative analysis of the spin energetics, but the very weak
through-bond interactions in other ferrocene diradicals (see above)
suggest that the verdazyl moietiesdrare probably very weakly
coupled to one another. In any event, the solution magnetic
properties of are clearly distinct from the diamagnetic solid-state
behavior and lend support to the notion that thdimer structure
of 3 is not maintained in solution.

Pyridinyl diradical$* and oligothiophene diradical dicatidfis
tethered to flexible polymethylene [(GH] chains undergo in-
tramolecularr-dimerization, whereas verdazyl diradicals linked by
flexible chains do not® In the former systems, there is an intrinsic
driving force for association; intermolecutardimers of these native
(nontethered) radicals are well-known. In contrast, there are no
documented examples of verdazyl-based dimers. The structure of
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