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We describe the structural and magnetic properties of a
tetranuclear [2x2] Co, grid complex containing a ditopic arylazo
ligand. At low temperatures and in solution the complex is
comprised of Co** and singly reduced trianion-radical ligands. In
the solid state we demonstrate the presence of valence
tautomerization via variable temperature magnetic susceptibility
experiments and powder-pattern EPR spectroscopy. Valence
tautomerism in polynuclear complexes is very rare and to our

knowledge is unprecedented in [2x2] grid complexes.

Molecular switching can take many forms, including photo-
switching, guest-dependent binding, and mechanically
interlocked systems, which are of interest as “molecular
motors”."? One of the best examples of molecular switching
can occur in six-coordinate transition metal complexes with d*-
d’ configurations in the form of spin-crossover.g”4 Spin-
crossover complexes exhibit an equilibrium between high- and
low-spin states that can be tipped in either direction through
application of an external stimulus. Strong cooperative
interactions in molecular spin-crossover complexes can give
rise to abrupt spin transitions, thermal hysteresis and
bistability.”®

Valence tautomerism (VT) is another form of paramagnetic
switching but that relies upon the coordination of redox-active
ligands to transition metal ions (later first row transition
metals like Fe, Co, Ni, Cu; however, VT has also been reported
for Ru and Yb complexes).m’11 The prototypical valence
tautomer family includes cobalt-dioxolene complexes of the
general form (LL)Co(diox), (where LL = bidentate ancillary
Iigand).12 In these complexes, both spin-crossover at cobalt
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and electron transfer between cobalt and a coordinated
dioxolene occur in response to a change in temperature.13
Like spin-crossover complexes, valence tautomeric transitions
can be abrupt with hysteresis when there are strong
cooperative interactions.'**? Reported VT complexes are far
fewer than their spin-crossover counterparts, owing to the
difficulty generating ligand systems capable of reversible
electron transfer reactions. Non-dioxolene containing VT
complexes are rare but VT has been observed in transition
metal complexes with other redox active ligands, notably
iminosemiquione and salen-type ligands, but also recently in
some others, including verdazyl and nitronyl nitroxide
radicals.’®' VT in copper complexes containing 2,3,5,6-
tetrakis-(tetramethylguanidino)pyridine  ligand has also
recently been reported.32 Most reported VT complexes are
mononuclear but recent efforts have led to a number of new
binuclear VT complexes by following one of two synthetic
strategies: (1) Coordinating Co(diox), units to bridging N-
donor ditopic chelating ligands or (2) coordination of bridging
dioxolene ligands to cobalt bound to a tetradentate ancillary
Iigand.?’a_42 VT complexes with nuclearity beyond two are very
rare.*? Recently, Li et al. reported a trinuclear cobalt VT
complex “triangle” also containing tetrazine-based bridging
radical anions and investigated the VT mechanism in detail
using density functional theory (DFT).44 Another class of
redox-active ligand with an extensive coordination chemistry is
the arylazo family.*>* Open-shell ligand oxidation states have
been identified in arylazo complexes but the observation of
thermally reversible electron transfer between a transition
metal and a coordinated arylazo ligand has not been
demonstrated to our knowIedge.M_49 Herein, we describe the
preparation of a new ditopic arylazo ligand (H,LY, Figure 1),
which produces a neutral Co4L14 [2x2] grid complex (1) that is
shown to undergo VT in the solid state.
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Figure 1. Structures of ditopic H,L* (left) and monotopic HL? (right) ligands.

The ligand H2L1 was prepared in two steps, first by reaction
of 4,6-dichloro-1,3-pyrimidine with hydrazine to produce the
bis(hydrazide) followed by reaction with 3,5-di-tert-butyl-1,2-
benzoquinone to generate H2L1 as the enol tautomer (ESITt),
which was spectroscopically confirmed (ESIt). Combination of
Hle with Co(ClO,),:6H,0 in methanol produced a dark
precipitate and was recrystallized from acetonitrile/DCM to
generate single crystals suitable for X-ray diffraction. Data was
collected at 100(2) K and the structure was solved and refined
as a 4-component inversion twin (Figure 2). In the crystal
structure there are two quarter molecules of complex 1 in the
asymmetric unit. There are no perchlorate anions in the
structure. Disordered solvent was identified in the asymmetric
unit but could not be adequately modeled and was removed
using the SQUEEZE routine. Co-crystallized solvent in 1 was
calculated based on elemental analysis and thermogravimetric
analysis (ESIT) results. In each independent molecule of 1, the
coordinate bond distances are short, ranging between
1.856(8)-1.965(9) and 1.866(7)-1.956(8) A, which points to a
Co>" oxidation state assignment. We have also synthesized a
mononuclear complex 2, which is a co™ complex of a
structurally related but monotopic ligand HL? (Figure 1). In the
molecular structure of [CoLzz]CIO4 (2) (ESIT) the coordinate
bond distances are similar to those observed in 1 (range =
1.859(4)-1.919(4) A). Complex 2 is diamagnetic (ESIt) and
contains Co3+, which supports our assertion of co*in1. In 1,
the lack of any counter-anions in the structure necessarily
results in a charge of -3 for the ligand, which would render the
ligand oxidation state in complex 1 a trianion-radical. Bond
distances within the coordinated ligand vary considerably
between the two metal ion binding pockets within the same
ligand. In one pocket, the C-O and N-N bonds are considerably
longer than those in the other pocket [C1-06 = 1.306(11) and
C24-02 = 1.271(12) A; N1-N2 = 1.305(11) and N5-N6 =
1.239(11) A], while the C-N (bond joining the acyclic N atom to
the terminal ring) bond is much shorter C6-N1 = 1.311(13) vs
C19-N6 = 1.425(12) A. Bond distances within the terminal

o

rings range from 1.361(14)-1.459(14) A (Cl-to-C6) and
1.367(16)-1.459(14) A (C19-to-C24).
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Figure 2. Molecular structure of 1 showing one of two molecules in the
asymmetric unit (expanded ORTEP-style structure). Bond distances (A)
[with standard uncertainties (su) in brackets]: Co(1)-O(1), 1.901(6);
Co(1)-0(2), 1.898(6); Co(1)-N(1), 1.856(8); Co(1)-N(3), 1.944(9); Co(1)-
N(4), 1.965(9); Co(1)-N(6), 1.859(8); O(1)-C(1), 1.306(11); O(2)-C(24),
1.271(12); N(1)-N(2), 1.305(11); N(5)-N(6), 1.239(11).
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The UV-VIS-NIR spectrum of complex 1 together with a
model complex 2 is presented in Figure 3 (left). The spectrum
of 1 is substantially different from typical metal arylazo ligand
complexes, including other polynuclear [2x2] grid-type
complexes reported earlier, which typically feature intense
visible ab:;orptions.50 In the spectrum of 1, broad and intense
visible absorption bands are observed but also another very
broad and low energy band is observed in the NIR (~1500 nm),
which is not observed in the spectra of other arylazo
complexes. We optimized the geometry of the trianion-radical
(S = %) state of the ligand (ESIT) and calculated the absorption
spectrum of this species (ESIt) and a strong, broad band is
calculated at 1554 nm, closely matching what is observed in
complex 1 (Figure 3, left). This absorption is assigned to a
a/HOMO-0/LUMO transition and is likely of similar character in
1. We measured the temperature dependence of the UV-VIS-
NIR absorption of 1 (between 373 to 200 K) and found no
significant variation in the spectra (ESIt), which indicated a
static electronic structure for 1 jn solution over this
temperature range. We have assessed the stability of 1 in
solution by measuring the UV-visible and ESI mass spectra over
time and found that while 1 is relatively stable in solution it
does gradually oxidize (ESIT). The electrochemical properties
of 1 (Figure 3, right) were measured by cyclic (ESIT) and
differential pulse voltammetry and a large number of closely-
spaced waves were observed over a large potential window.

The low potential anodic processes can be assigned to
oxidation of the ligand trianion-radicals and the cathodic
3+/2
processes represent Co>”?* couples.
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Figure 3. UV-VIS-NIR spectrum (left) of 1 (red trace) and 2 (green) in
CH,Cl,. Differential pulse voltammogram (right) of 1 in CH,Cl,.

We used DFT calculations to support our hypothesis that
the crystal of complex 1 solved at 100(2) K contains four co®
ions coordinated to four trianion-radical equivalents of the
ligand. Using the coordinates from the crystal structure, we
calculated the energy of complex 1 in the quintet state (S = 2,
four unpaired electrons ferromagnetically coupled) and also
carried out broken symmetry calculations on spin-flipped Ms =
0 states.”™™ In both the quintet and the broken symmetry Ms
= 0 states (Figure 4 & ESIT), almost all of the spin density
resides on the ligands. The spin density is widely distributed
over the ligand, with substantial spin densities residing on the
donor azo N atoms. The quintet and broken symmetry Ms =0
states are nearly degenerate, with the quintet state calculated
to be thermally excited. This suggests that the four unpaired
electrons are antiferro- and ferro-magnetically coupled for
face-to-face and neighboring ligands in 1, respectively; the
calculated magnetic exchange coupling parameters are Jgce-to-

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 4



Page 3 of 4

face = -36.2 and Jneighboring = +6.47 cm’* (ESIT).>*  Although the
calculated values are overestimated, the very low temperature
behaviour observed in the magnetization versus temperature
experiments (Figure 5, left) likely results from the
antiferromagnetic coupling between the four coordinated

’i\:&@w

*vgﬂ&i% Mﬁs@

Figure 4. Spin densities (white is alpha spin density and blue is beta spin density)
in the broken symmetry Ms = O states of complex 1 (BP86/def2-SVP). Leftis Ms =
0 (BS, acaBP) and right is Ms = 0 (BS, afap).

Variable temperature magnetic susceptibility
measurements were carried out on pulverized single crystals

of 1 from 2 K to 400 K (Figure 5, left). At 2 K, the value of y,,T

(1.43 cm® K mol™) is close to the expected value for four
uncoupled organic radicals (4 x 0.375 = 1.5 cm® K mol'l). With
increasing temperature y,,T values rise slightly (1.58 em® K
mol'l) and then remain constant over the temperature range 6
— 45 K. Above 45 K, a significant increase in y,,T is observed,
with the values continuing their rise until approximately 370 K,
where y,,T is 2.49 cm® K mol™ and remains so to 400 K. These
data indicate that valence tautomerism is operative in 1. With
increasing temperature there is electron transfer from the
ligand trianion-radical to Co*". The low value of XmT observed
at 400 K suggests that only one electron is transferred
between the four ligands and Co®" ions (Scheme 1), which is
likely distributed over the four cobalt ions. One localized high
spin Co>* ion and three S =
value close to what is observed at 400 K for 1. No thermal
hysteresis was noted from the magnetic susceptibility data but
structural changes were indicated by the results of variable
temperature EPR and FTIR.

[Coi*L3] 2 [(Co**L*7)(Co3* L3 )]

Scheme 1. Description of the valence tautomerism equilibrium in the solid state of 1.

Further support for VT in 1 was provided by EPR
spectroscopy. Notable changes to the solid-state EPR
spectrum (Figure 5, right & ESIT) of 1 with a change in
temperature were observed. At 100 K, an intense signal
centred at g = 2.00 was observed with no resolved hyperfine
features. With warming to 400 K, the signal intensity was
dramatically reduced, and additional transitions overlapping
the broader absorption were observed. The low temperature
spectrum can be assigned to spin multiplet states due to four
weakly coupled organic radicals coordinated to the
diamagnetic co®* ions; with warming the sample, the unpaired
spin density transferred to cobalt, which was reduced to co*
The electron transfer renders the transitions to which Co”*
contributes. The high-temperature spectrum takes time to

This journal is © The Royal Society of Chemistry 20xx
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slowly return back to the initial spectrum with decreasing
temperature down to room temperature. The hysteresis
behaviour associated with the electron transfer possibly
accompanies a structural change. Variable temperature
infrared spectroscopy experiments on 1 in the solid state
confirm these structural changes that accompany the electron
transfer (ESIT).
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Figure 5. Variable temperature magnetic susceptibility data for 1 (left, 10 kOe
field). Temperature dependence of the solid-state EPR spectra (right) of 1.

In summary, we have reported a tetranuclear cobalt [2x2]
grid valence tautomer. We are pursuing the coordination
chemistry of this and related ditopic ligands with the goal of
producing polynuclear VT multistate switching materials.
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