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Reversible, Redox-Induced Modulation of Sterics in an a-Diimine

Ligand Coordinated to Gallium

Ryan A. Zarkesh, Michael E. Foster,®! Andrew S. Ichimura,”® and Mitchell R. Anstey*!

Abstract: The ability to tune the steric envelope through redox events
post-synthetically or in tandem with other chemical processes is a
powerful tool that could assist in enabling new catalytic methodologies
and understanding potential pitfalls in ligand design. The a-diimine
ligand, dmp-BIAN, exhibits the peculiar and previously unreported
feature of varying steric profiles depending on oxidation state when
paired with a main group element. A study of the factors that give rise
to this behaviour as well as its impact on the incorporation of other
ligands is performed.

Steric crowding of metal center is used to control coordination
number, substrate-catalyst selectivity, stability of unusual bonding
modes, and even redox processes.!'"] The literature relating to
steric effects is rich and varied, but steric effects are typically a
static factor that is determined at the molecular design stage.
Post-synthetic modifications of metal complexes exist,®'% but
these stoichiometric processes can be incompatible with other
parallel reactions. In other words, changing the steric profile of a
ligand during an ongoing chemical process is a difficult task.
Some interesting examples of steric augmentation either post-
synthetically or in tandem with other chemical processes include
photoisomerization  of azobenzenes and metal-ligand
complexes,['™"13  pH-switchable rotaxanes and ruthenium
NHCs,'#'® and ion- or ligand-selective coordination
complexes.['®'"1 Redox-switchable compounds are another route
for expanding functionality,'® and recent reports have
demonstrated the efficacy of ferrocenyl-type ligands and metal-
center redox changes inducing “on/off’ catalytic reactivity.['-2]
However, these latter systems do not change sterics and operate
mostly through modulation of Lewis acidity/basicity or solubility.
Redox-active ligands create the possibility for ligand-only
reactivity that can adjust the steric environment around the metal
center.?%2% Two general archetypes for this process include a
reduction or oxidation process that (1) causes a movement of the
ligand to shield or reveal a binding site on a metal center or (2)
creates or removes degrees of freedom or flexibility that shield a
binding site on the metal center (Figure 1). Our group began
exploring this concept in the context of redox-active ligands paired
with main group elements for battery applications. A competent
battery electrolyte should maintain stability through thousands of
redox cycles, and a metal-based electrolyte with a protected inner
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coordination sphere should remain viable for longer, increasing
the lifespan of the battery.['-33

Our efforts have focused on the a-diimine ligand family due to
its ease of synthesis, numerous potential structural combinations,
and wealth of existing knowledge on electrochemical
properties.3*1 N, N'-bis(3,5-dimethylphenylimino)acenaphthene
(dmp-BIAN) is one example of an intermediate sterically crowded
a~diimine ligand (Figure 2), and both 4- and 6-coordinate gallium
complexes have been isolated in our laboratory. In the course of
this work, an interconversion process between these two
complexes was discovered that appears to be controlled by a
reversible redox-induced change in the steric envelope of the
ligand; a process that has not been previously described. What
follows is an investigation into the mechanism of this redox-
mediated process.
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Figure 1. Reversible redox process localized on a coordinated ligand changes
the steric envelope of that ligand and the resulting reactivity of the complex.
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Figure 2. Oxidation states of dmp-BIAN ligand (Ar = 3,5-dimethylphenyl).

Ready access to the neutral Ga(dmp-BIAN%)(dmp-BIAN®)
complex, 1, is obtained by heating solutions of dmp-BIAN® ligand
and gallium/mercury amalgam in tetrahydrofuran (THF) at 60°C
for 24 h (Scheme 1). The resulting dark blue solutions are filtered,
concentrated under vacuum, and then layered with excess
hexanes to afford the desired product as a dark blue



microcrystalline solid in 90% yield. The 6-coordinate complex
Ga(dmp-BIAN9);, 2 is obtained in a similar fashion using a 3:1
molar ratio of reactants, yielding a red microcrystalline solid
(Scheme 1).1
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Scheme 1. Synthesis and interconversion between Ga(dmp-BIANsa)(dmp-
BIANc2t), 1, and Ga(dmp-BIANisa);, 2

According to X-ray diffraction studies, the gallium center of 2
is in a distorted octahedral environment with the three BIAN
ligands placed in a Ds symmetric arrangement about the metal
center (Figure 3A and 3B). Based on previous magnetic
susceptibility, EPR, and structural metrics, the ligands are in the
semiquinonate oxidation state with the o-diimine backbone
adopting a planar geometry extending through the ipso carbons
of each appended aryl group.% These results are in agreement
with the characteristics of related a-diimine complexes.[#244

The structure of the neutral 4-coordinate complex, 1, differs
substantially in both electronics and sterics (Figure 3C and 3D).
The two BIAN ligands are in a distorted tetrahedral arrangement
about the gallium center and show two sets of C—N bond lengths:
1.405(2) A and 1.395(2) A, 1.337(2) A and 1.343(2) A. These
bond lengths suggest that the BIAN ligands are in a mixed valent
state (i.e. dmp-BIAN? and dmp-BIANc2!). Further evidence of the
two different oxidation states can be seen in the C—C bond lengths
(C1-C2, 1.374(3) A and C29-C30, 1.442(3) A). Finally, the
gallium-nitrogen bond lengths are shorter for the catecholate
ligand compared to the semiquinonate ligand. The semiquinonate
ligand adopts a planar structure similar to the BIAN ligands in 2,
but the catecholate shows a substantial deviation from planarity.
With the a-diimine backbone as the reference plane, one aryl
group is angled approximately 44° out of plane. All crystal
structures of this compound obtained in our laboratory, regardless
of the method used, show a substantial deviation from planarity.
While it is possible that this deviation is due to packing forces
within the crystal, it is also consistent with the catecholate
oxidation state of the ligand. As the ligand is reduced from
semiquinonate -to catecholate, the geometry at nitrogen is
pyramidalized due to an increase in electron density partially
localized on the atom. This difference in structure based on the
ligand’s oxidation state underpins the following results.

In our hands, this and a related 4-coordinate complex (vide
infra) can only be isolated when at least one BIAN ligand is in the
doubly-reduced, catecholate oxidation state. Furthermore, if that
oxidation state is maintained, the complexes will not incorporate

WILEY-VCH

a third ligand. The addition of pyridine, dimethylformamide, 9,10-
phenanthrenequinone, 1,10-phenanthroline, 2,2’-bipyridine, or 2-
(phenyliminomethyl)pyridine to 1 gave no new heteroleptic 6-
coordinate complexes. However, the addition of one equivalent
of dmp-BIAN?to 1 affords complex 2 in quantitative yield (Scheme
1). Conversely, stirring complex 1 in the presence of additional
fresh gallium amalgam regenerated complex 2 in high yields
(>90%, Scheme 1).

Figure 3. A) Structural diagram of 2 with ellipsoids drawn at 50% probability. B)
Side view of 2. C) Structural diagram of 1 with ellipsoids drawn at 50%
probability. D) View of 1 along the BIAN ligand backbone. All hydrogen atoms,
and solvent molecules have been omitted for clarity.

It is important to note that both of these conversions must be
accompanied by some electron transfer process. Literature
references show that the reduction potential of dmp-BIAN“Y s
the most positive of all of the aforementioned ligand
candidates.>*8 Our working hypothesis at this point was that the
incorporation of a third ligand must coincide with an oxidation of
all catecholate BIAN ligands to the semiquinonate.

The cyclic voltammogram of 1 recorded in THF (-1.3 V t0 -0.6
V) shows a quasi-reversible reduction event that persists for at
least 5 cycles (see Supporting Information). However, cycling
over a larger voltage window (-1.3 V to +0.8 V) shows rapid
decomposition (Figure 4, top). The same experiment performed
in pyridine solution resolves into a pair of quasi-reversible peaks
at -0.83 V and -0.40 V (Figure 4, middle). If the CV experiment in
THF is repeated with 6 equivalents of 2,2’-bipyridine, the CV
resolves into a set of 3 quasi-reversible peaks, notably similar in
behaviour to the observations of the pyridine solution (Figure 4,
bottom).

Guided by these results, it was reasoned that (1) complex 1
could be reduced stoichiometrically to the monoanion and (2)
complex 1 could be oxidized in the presence of coordinating
ligands to form new heteroleptic complexes.



I 1 I 1 L] L] I
<
*
<
3 <
-
c = -
Q
=
=3
(&)
<
%*
la g g gl e g g l g g gl g ol o g g gl gl o
-2 -1.6 -1.2 -0.8 -04 0 0.4 0.8
V vs SCE

Figure 4. Cyclic voltammograms of 2 in THF (red), pyridine (blue), and in THF
with 6 equivalents of 2,2"-bipy (green). Measurements were made under N2
using a scan rate of 200 mVs™ in 3 mM solutions containing 0.1 M LiPFs
electrolyte. Potentials were referenced to SCE using the Cp2Fe%* couple as an
internal standard (CpzFe®*=0.58 V vs SCE in THF; Cp2Fe%*=0.72 V vs SCE in
pyridine). Asterisks indicate starting point for each scan, and the arrows indicate
the initial direction.

Reduction of complex 1 with one equivalent of Cp.Co or
potassium metal affords the closed shell monoanion [Ga(dmp-
BIAN®a),][Cp,Co], 3a, (Scheme 2) in 85% vyield as a dark blue
microcrystalline solid after recrystallization from THF/hexanes.
The potassium salt can be generated by reducing 1 with excess
potassium metal and recrystallizing from a Et,O/THF (5/1 v/v)
solvent mixture. The crystal structures of 3a and 3b show both
ligands deviating from planarity similar to that of complex 1. In the
case of 3a and 3b, we have observed two types of structural
isomers in the solid state for each complex depending on
crystallization conditions (Figure 5). Either the 3,5-dimethylphenyl
substituents are staggered above and below the plane of the
acenaphthene (Figure 5A) or they form a “syn” conformation
arching to the same side (Figure 5B). In contrast to the structural
data, NMR analysis of [Ga(dmp-BIAN®®"),][K+(Et,0)3], 3b, reveals
a C2, symmetric complex in solution based on the observation of
only one set of aryl-methyl peaks at 2.16 ppm (see Supporting
Information). This symmetry can only be possible if the amines
are able to invert rapidly on the time scale of the NMR experiment.

To support this rationalization, Density Functional Theory
calculations were performed to determine the energy barrier to
inversion. With the crystallographic data of 1 as a starting point,
one nitrogen of the catecholate was forced through the assumed
inversion process to map out the potential energy curve (Figure
6). The highest point in energy (the presumed transition state)
coincides with the nitrogen in a planar orientation, and the two
local minima correspond to a +/- 40° bend in the dihedral angle
away from planar. Depending on the orientation of adjacent aryl
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groups, it was found that the kinetic barrier could be either 6.1 or
3.2 kcal/mol. The deeper energy well appears to be enabled by -
n stacking. In either case, this energy barrier matches well with
free trialkyl amines,*®%) meaning a rapid inversion of the
catecholate BIAN nitrogen is possible.

O CoCp, or K°
OB — ——

R AgPFg

Scheme 2. Reduction of 1 to 3a or 3b (3a, A = Cp2Co*; 3b, A = K*+(Et.0)3).
Reoxidation with silver hexafluorophosphate also pictured.

Figure 5. A) Structural diagram of 3a with ellipsoids drawn at 50% probability.
B) Structural diagram of 3b with ellipsoids drawn at 50% probability.
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Figure 6. Graph of potential energy curve through the nitrogen inversion
process of complex 1. Inset is the overlaid full “range of motion” from 150° to
215° along the dihedral angle of C1-N1-Ga1-N2.

Putting these observations together, it is likely that the
catecholate oxidation state is enabling increased flexibility at



nitrogen (inversion), and this increased flexibility allows for
greater steric protection of the metal center than the dmp-BIANsA
can offer. This steric protection allows for the isolation of low-
coordinate complexes that would not necessarily be predicted
based on the sterics of the dmp-BIAN moiety itself, especially in
light of the fact that complex 2 can be isolated in high yields

When complex 1 is treated with one equivalent of AgBPhy in
the presence of excess 2,2-bipyridine (Scheme 3, middle), a
microcrystalline red solid is obtained after recrystallization (85%
yield). X-ray crystallographic studies determined the structure to
be that of [Ga(dmp-BIAN®),(bipy)][BPhs, 4. The cyclic
voltammogram of this species matches that of the in situ
electrochemical experiment described above (see Supporting
Information). As previously mentioned, bipyridine could not be
incorporated without an oxidant or an electrochemical oxidation
process.
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Scheme 3. Synthesis of 4 with two proposed mechanisms: pre-oxidation
followed by coordination (top), pre-coordination followed by oxidation (bottom).

X (85% yield)

These assumptions about sterics due to inversion at nitrogen
should hold in the reverse direction as well. Reduction of the
heteroleptic cation 4 with one equivalent of Cp,Co yields a modest
amount of 3a (40% yield). However, treating a solution of 4 with
two equivalents of Cp2Co results in the clean isolation of 3a after
recrystallization (85% yield). Subjecting 2 to the same reduction
reaction conditions gives the same product in almost identical
yield ruling out any unique effect imparted by bipyridine. From a
mechanistic standpoint, one semiquinonate ligand will be reduced
to the catecholate enabling nitrogen inversion and breaking
planarity. The effective steric envelope around that ligand will
increase, and a different ligand is lost due to the increased steric
crowding at the metal center. Related to these results, the neutral
complex 1 can be accessed in high yield after recrystallization
(90%) by mixing equimolar amounts of 4 and 3a.

Buried volume calculations®!-%4 were performed using both
the crystallographic and computational data to show that the
nitrogen inversion process can lead to a larger steric envelope.
These calculations examine a sphere surrounding the central
metal atom and determine the percentage of this sphere that is
blocked or “buried” by coordinated ligands. A single dmp-BIANisd
ligand (specifically, one found in compound 2) will only block
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37.4% of the coordination sphere. We then overlaid and combined
three separate computationally-derived dmp-BIAN® structures
(dihedral angles of 150°, 190°, and 220°) to represent the total
volume that is shielded by a aryl group attached to an rapidly-
inverting nitrogen atom. This combined structure gave a buried
volume of 51.8%, aligning with our hypothesis that a flexibile dmp-
BIAN®@ ligand has a dramatically increased steric envelope and
can hinder the coordination of a third ligand.

Proper ligand selection to account for both steric bulk and
electronic properties is key to developing the ideal catalyst.
Battery electrolytes are also subject to structural and electronic
factors to impart stability and therefore, applicability. The authors
believe that the pairing of a redox-active ligand with a main group
element in this way have created the ideal environment to observe
differential reactivity based on ligand oxidation states. In this case,
the nitrogens in dmp-BIAN®® are allowed increased flexibility
through inversion, increasing the effective steric bulk of the ligand.
Oxidation to the semiquinonate opens up the coordination sphere
to new incoming ligands by reverting the nitrogens back to a
planar orientation. The authors believe that other systems like this
likely exist, and these effects are not unique to a-diimine ligands.
It is hoped that new ligand systems can create dynamic
environments for catalyst-substrate specificity, enhancing
structural integrity of battery electrolytes, and the isolation of
exotic and compelling species to expand our understanding of
chemical structure.
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