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Coordination of 1-isopropyl-3,5-dipyridyl-6-oxoverdazyl to cobalt
results in a dication best described in the solid state as a high spin
cobalt(ll) ion coordinated to two radical ligands with an $S=3/2
ground state. On dissolution in acetonitrile, the cobalt(ll) form
equilibrates with a cobalt(lll) valence tautomer with an S=1/2
ground state.

Valence tautomerization is a form of isomerism involving the
redistribution of electrons between isomeric forms. In
inorganic chemistry it typically involves the distribution of
electrons between a metal center and redox active ligand.» 2
Valence tautomers often differ in their spin multiplicity and
geometry that have potential application as molecular
switches or other molecular devices,3® and on the
macroscopic scale can result in remarkable properties such as
photomechanical effects.” 8 The majority of known inorganic
valence tautomers involve oxolene
(catechol/semiquinone/quinone) ligands or
iminoquinones. Though other ligand examples are known they
are few and far between.? Consequently, finding new
examples of valence tautomeric systems is important for
further development of the area, not only by improving basic
understanding of the phenomenon, but also by providing a
greater diversity of coordination environments and geometries
suitable for practical applications. Verdazyl radicals have
significant potential in this area. Verdazyl
chemistry has been studied for the past twenty years and has
revealed remarkably strong magnetic exchange interactions

related

coordination
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between the radicals and coordinated metal ions.® Verdazyl
coordination compounds are analogous to polypyridine
systems, resulting in predictable coordination geometry and
the potential for self-assembly to form complex, programmed
structures.’®12 Furthermore, verdazyls are redox active and
maintain this activity when coordinated to metal ions,13-1> as
well as showing more complex behavior. In some early
examples electron density on the verdazyl ring was shown to
be sensitive to ancillary ligands on the metal resulting in a shift
from anion-like to radical-like ligand behavior.16 17 More
recently, we reported an iron verdazyl complex for which the
electron delocalization over both verdazyl ligands resulted in
remarkably strong ferromagnetic exchange.'’® To search for
further examples of electronically labile compounds supported
by verdazyl ligands, cobalt compounds are attractive targets.
Cobalt oxolene compounds were some of the first reported
valence tautomers, while cobalt bis-terpyridine, and various
related structures, show temperature-dependent spin
crossover.’®21 Here we report an example of valence
tautomerization and an unusual electronic structure in a cobalt
verdazyl complex, illustrating the strong metal-ligand
interaction characteristic of these systems.

The tridentate dipyridyl verdazyl ligand (dipyvd) was initially
reported in the synthesis of a nickel complex which was
synthesized through the direct reaction of metal and with the
ligand.22 More recently we have reported that synthesis of
metal complexes from the corresponding leucoverdazyl is
more reproducible.’® Combination of the leucoverdazyl with
cobalt(ll) triflate in acetonitrile gave a transient green-brown
solution that was rapidly oxidized in air to give a deep green
species crystallized as the hexafluorophosphate salt (Scheme
1).
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Figure 1. Synthesis of [Co(dipyvd),](PFs)
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Figure 2. Thermal ellipsoid plots of the cation in [Co(dipyvd),]*(PF67) (left) and
[Co(dipyvd),]?*(PFs), (right). Ellipsoids are drawn at the 50% level. Hydrogen atoms
have been omitted for clarity

Electrospray MS gave a molecular ion with m/z=649,
consistent with a 2:1 ligand to metal stoichiometry. The
diamagnetism of this compound, with sharp *H and 3C NMR
spectra (ESI) consistent with only one ligand environment,
indicate the compound is best described as a low-spin
cobalt(Ill) complex with two diamagnetic, anionic ligands. Prior
studies have shown a dependence of the oxoverdazyl C=0
bond stretch on the oxidation state of the ligand; reduced
ligands giving a lower vibrational frequency.'® Consistent with
the verdazyl anion formulation, the C=0 stretch at 1685 cm™is
lower than that of the coordinated radical in [Ni(dipyvd),]?* (at
1725 cm™)22 or even the partly reduced ligand system in
[Fe(dipyvd),]* (1690 cm™). 18 Single crystals were grown from
dichloromethane/octane and studied by X-ray diffraction. A
thermal ellipsoid plot is shown in figure 1 and select bond
lengths are listed in table 1. Notably the short metal ligand
bond lengths and non-planar tetrazine rings are consistent
with the cobalt(lll)/anionic ligand formulation.

Cyclic voltammetry in acetonitrile indicates that this species
undergoes a single one electron reduction at —0.20 V vs. SCE
and two successive one electron oxidations at +0.58 V and
+0.95 V vs SCE (ESI). Based on this electrochemical data, the
dication [Co(dipyvd),]?* was generated through oxidation with
one equivalent of AgPFg in dichloromethane to give a dark
green precipitate. The IR spectrum of this material was almost
identical to that for the previously characterized Ni?* complex,
featuring a prominent ligand C=0 stretch at 1725 cm™ (Figure
2).

X-ray powder diffraction (ESI) indicated the material contained
metallic silver, along with a phase with a tetragonal unit cell
with dimensions a=15.84 A, ¢=15.37 A, isomorphic with the
previously reported nickel?? and iron species.18
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Figure 2. Infrared spectra of [Co(dipyvd),](PFe) (black), solid [Co(dipyvd),](PFs),
(blue) and [Co(dipyvd),](PFs), in acetonitrile solution (red)
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Figure 3. Plot of xT vs. T for crystalline [Co(dipyvd),]**(PF¢), (blue circles) and

[Co(dipyvd),]?*(PFs), in acetonitrile solution (red squares). The solid line

corresponds to the equilibrium model described in the text (with g=2, H=18.7
kJ/mol, S=66 Jmol-Kt)

Elemental analysis and mass spectrometry were consistent
with the conservation of the 2:1 ligand:metal ratio, along with
co-precipitation of approximately one equivalent of metallic
silver as would be expected from the reaction stoichiometry.
The material was paramagnetic with x7=1.92 at room
temperature; xT was only weakly temperature dependent
above 50K; below this temperature it dropped more sharply to
1.3 at 5K (figure 3). Metallic silver was removed by dissolution
in acetone and filtration, followed by diffusion of ether into
the solution to induce crystallization. A single crystal was
isolated that matched the previously determined tetragonal
unit cell; full analysis by X-ray diffraction confirmed the
previously noted isomorphism and gave metal-ligand bond
lengths consistent with a high spin metal ion. (Table 1)

The high-frequency (HF) EPR spectra recorded at 5 K for neat
powder samples of [Co(dipyvd),](PF6), exhibit two resonances
which, based on their field vs. frequency dependence, have an
effective g value of 4.5 and 2.0 respectively (Figure 4 and Sl). Such
spectra are characteristic of a quasi-axial, positive zero-field
splitting  (zfs).  Therefore, they originate from the
|S,m) = 13/2,41/2) ground Kramers doublet of a S = 3/2 system
with D > 0 and vanishing E/D value. The linewidth of the low-field
transition increases with frequency suggesting that g, and g, are not
equal; unfortunately, they are unresolved. The excited Kramers
doublet of such species is expected to be EPR silent. Furthermore,
no inter-Kramer transitions were observed even for frequencies as

Table 1. Selected crystallographic bond lengths for [Co(dipyvd),]*(PF¢7), and
[Co(dipyvd),]*"(PFe),

Bond [Co(dipyvd),]*(PFs ) [Co(dipyvd),]*"(PFe ),

M-N1 1.872 2.006

M-N5 1.926 2.138°

M-N6 1.945 2.139°

N3-N4 1.390 1.336°

N1-N2 1.427 1.353b
Planarity© 0.12 0.03

3 Bonds associated with one of two crystallographically independent ligands.
The second ligand showed similar geometry but was disordered over two
possible orientations.  average bond lengths as a result of orientational
disorder. ¢ Planarity of the verdazyl ring was measured as the mean distance of
the ring atoms from the mean plane defined by those atoms .

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. CW EPR spectra recorded for [Co(dipyvd),]>*(PFs), Top: Spectrum recorded at 5
K and 50.3 GHz for a neat powder sample of [Co(dipyvd),]?*(PFe),. Bottom: X-band EPR
The
experimental spectrum show in red was recorded using a microwave frequency of 9.36
GHz, modulation amplitude of 3 G, modulation frequency of 100 kHz, and microwave

spectrum recorded at 77 K for a MeCN solution of [Co(dipyvd),]?*(PFs),.

power of 2 mW. Shown in black is a simulation obtained for a S = 1/2 and | = 7/2 such
that gx = 1.988, gy = 1.994, gz = 2.011, o(gx) = 0.009, o(gy) = 0.005, o(gz) = 0.001, Ax =
8.42 MHz, Ay = 75 MHz, Az = 10.46 MHz, and an intrinsic linewidth of 6 G

high as 400 GHz. The magnitude of the zfs was estimated from the
least-square fitting of the low temperature xT data (ESI) which
suggested that D = 16(2) cm™® and E/D = 0.05(5). The large
magnitude ZFS tensor is further corroborated by the linear
dependence of field vs frequency of the observed resonances, (ESI).
Unlike for the solid, the solution magnetic susceptibility,
determined using Evans’ NMR method, shows a strong
temperature dependence (Figure 3) and solutions in
acetonitrile show an additional IR C=0 stretch at 1700 cm™
(Figure 2). Although the initial precipitate was EPR-silent at
77K, frozen acetonitrile solutions investigated at 77K showed a
signal centered at g = 2 with a rich hyperfine structure, (Figure
4). In stark contrast to the spectra recorded for neat powder
samples, this spectrum demonstrates the presence, for frozen
solutions, of a S = 1/2 signal. Analysis of the hyperfine splitting
pattern originating from the interaction of the electronic spin
with the | = 7/2 of 3°Co (100%) nuclei reveals a practically
quenched hyperfine coupling tensor. Together with the nearly
isotropic g-tensor for which gis, = 1.998 (= g.) this observation
indicates that the unpaired electron is localized on the ligand
and that the cobalt ion is diamagnetic consistent with the
presence of a low-spin Co(lll) metal center.

The UV-vis also shows a distinct temperature dependence (fig
5) consistent with an equilibrium between two species. Taken
together these observations are consistent with a valence
tautomeric equilibrium in solution between an S=3/2

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Visible spectra of [Co(dipyvd),]>* in acetonitrile solution

from -6°C (blue) to 38°C (red)
cobalt(ll)/diradical species and an
cobalt(lll)/radical/anion species. (Scheme 2).
Considering that the low-temperature solution susceptibility
approaches the spin-only value for an S=1/2 system, we
assumed an equilibrium between an S$=1/2 and an S=3/2
system and used the values to determine the associated
enthalpy and entropy obtaining AH=18.7(1) kJ.mol?! and
AS=66.0(3) Jmol 1K (Figure 3)
Though non-innocent behavior has been noted before in
verdazyl coordination systems, the valence tautomerism
reported here is unique. Hicks has reported a change in
electronic distribution in ruthenium verdazyl systems resulting
from a change in ancillary ligand,'® 17 but no equilibrium
between verdazyl valence tautomers has been reported until
now.

The switch between the two tautomers in solution and the
presence of different forms at low temperature in solution vs
solid indicates that the equilibrium can be strongly influenced
by changes in molecular environment. In addition to
temperature-induced changes in solution, this could provide a
path to control the switching between tautomers in the solid
state. The latter has particular significance for this ligand
because of its structural relationship to polytopic terpyridyl
based ligands capable of self-assembly.

The apparent high-spin Co(ll) state observed for the
tetragonal form of [Co(dipyvd),]?** is unusual. The magnetic
data and HF EPR spectra collected for neat powder samples
demonstrate, unambiguously, a S = 3/2 ground state in solid
state. Although a quartet can be obtained from the
ferromagnetic coupling of two S =1/2 radical spins with a low-
spin Co(ll) ion, the large positive ZFS of this quartet, D = 16(2)
cml, indicate that in the solid state [Co(dipyvd),](PFe);
incorporates a high-spin Co(ll) ion. This conclusion is further
validated by the low-temperature crystallographic studies of
this complex which revealed a geometry consistent with high
spin Co?* coordinated to two radical ligands. However, the

S=1/2

\ / \
/N ) /N
N, N
03*— 4< —_— >—NN%N/N ;Coh'N/\ N‘<
b j R

\_ 7/ \_ 7

Scheme 2. Valence tautomeric equilibrium in [Co(dipyvd),]*
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direct exchange interactions between the metal ion and
ligand-based spins are expected to be strongly
antiferromagnetic and to lead an overall S=1/2 system.
Instead, the observation of an S=3/2 system is puzzling and is
indicative for the presence of either dissimilar ligands such
that one is ferromagnetically and the other s
antiferromagnetically coupled to the metal spin or to a strong
antiferromagnetic interaction between the ligand spins
consistent with the presence of spin frustration. The situation
is all the more puzzling since the only other reported cobalt-
verdazyl systems report relatively strong ferromagnetic
coupling.23 24

A similar intermediate spin state has been observed in a cobalt
pyridyl-diimine (PDI) system: Bowman and co-workers
reported an S=3/2 ground state for the neutral complex
Co(PDI), which has a high spin Co?* ion, and two nominally
radical-anionic ligands.?> Their explanation considered
antiferromagnetic exchange between one of the ligand SOMOs
and the remaining half occupied t,; orbital, leaving the other
ligand SOMO to couple ferromagnetically with the e, (do)
orbital set. While qualitatively providing the correct answer,
the authors mention that this model is probably overly
simplistic, especially since there is no other evidence of a
difference between the two ligands. Several cobalt
bis(semiquinones) systems also feature a high spin Co?* ion
and an overall S=3/2 spin multiplicity, either as the ground
state?® or more typically as an excited valence tautomer.?” A
coherent explanation of these states is similarly elusive,
though the difference in coordination geometry makes
comparison with the current system more tenuous.
Nevertheless, our observation of the S$=3/2 state in
[Co(dipyvd),]** emphasizes that the cobalt dioxolene systems
are not an isolated oddity and that there is still more to be
learned about magnetic exchange interactions even in
apparently straightforward situations.

In summary, we have discovered a new valence tautomeric
system involving cobalt and a polypyridyl type ligand. Not only
does this system differ from the more typical semiquinone-
catecholate valence tautomers, it is also unique in that the
valence tautomeric equilibrium is only observed in solution,
while the solid state effectively traps the molecule in the high
spin state. This illustrates the delicate balance of interactions
that result in valence tautomerization, and also provides a
unique opportunity to manipulate the equilibrium between
tautomers by, for example, changing the counterions in the
solid state. An understanding of the intermolecular forces that
control the equilibrium combined with the predictable
coordination geometry provided by the polypyridyl-type
structure should provide further opportunities for molecular
switches and more complex functional systems driven by
valence tautomerism.
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