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Oxidation of distorted square-planar perfluoropinacolate Co
compound [Co"(pinF),]%, 1, to [Co"(pinF),]*, 2, is reported. Rigidly
square-planar 2 has an intermediate-spin, S = 1, ground state and
very large zero-field splitting (ZFS) with D = 67.2 cm™; |E| = 18.0
cm™ (E/D) = 0.27, g = 2.10, g; = 2.25 and grp = 1950-10° cm¥mol.
This Co(lll) species, 2, reacts with ROS to oxidise two (pinF)*
ligands to form tetrahedral [Co"(Hpfa)]?, 3.

Metal complexes supported by oxidatively robust ligands are
crucial to many catalytic transformations including water
remediation,® water oxidation,2* and selective C-H bond
oxidation.>® One approach that engenders oxidative resistance
is to use extensively fluorinated ligands. Chelating bidentate
ligands have additional stability vs. two monodentate ligands,
and Hzpinf, perfluoropinacol, is of particular interest because its
complexes can routinely be prepared in water (pKai = 6.05, pKa,
= 10.7, titration in Figure S1). Homoleptic 3d complexes
[M(pinF);2]> with M = Fe - Zn have been reported?® 10 including
[Me4N]z[Co(pinF),], 1 (Scheme 1), which binds CH3CN but not
THF in solution.® Reactivity with O, for this Co species was also
reported,!! the conclusions from which we have come to doubt
as discussed below.
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Compound 1 is stable for days in aqueous solutions as the five
coordinate adduct [Co(OH,)(pinf);]> when buffered between
pH 9 — 11 with (pinf)2-.22 In contrast, CH3CN solutions of 1 in air
undergo distinct colour changes in hours. The pink 1 (Amax, NM
(e, M1lcm?)) = 505 (27), 560 (43)), converts to a bright
yellow/orange species with an intense absorption at 405 nm
(3790), 2, and then ultimately transforms to a violet species, 3
(A =481 (133), 567 (165)) in ~ 95% vyield after five days (Figure
S2). Purple X-ray quality crystals were obtained by layering Et,0
onto violet acetone solutions, enabling identification of the
pseudo-tetrahedral complex [MesN];[Co'(Hpfa)s], 3. The metal
centre is bound by four monodentate alkoxide ligands,
designated (Hpfa)- for the monodeprotonated form of the
perfluoroacetone geminal diol, Hapfa (Scheme 1 and Figure 1).

As noted, the conversion of 1 to 3 in CH3CN under aerobic
conditions passes through an orange intermediate, 2, with a
strong absorbance at 405 nm. Efforts to isolate the orange
species from this reaction mixture were unsuccessful. The
composition of 3 suggests that four equiv of hydroxyl radical,
HO*, are formally required for its formation. Therefore, we
treated 1 with H,0; trying to prepare a posited {Co(lll)-OH}
species. Adding one equiv of Hypinf to 1 in wet CH3CN, followed
by one equiv of H,0,, affords an absorbance increase at 405 nm
over an hour (Figure 2). Next, the ligand-cleaved product 3 can
be formed by adding one equiv of MesNOH to 2 following its full
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Figure 1. ORTEPs of anions of 2 (left) and 3 (right). Dotted lines indicate hydrogen
bonding interactions.
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Scheme 1. Formal interconversions of anions [Co(pinf);]>, 1, [Co(pinf),]%, 2, and
[Co(Hpfa)al*, 3

of a posited Co(lll) intermediate was not achieved from this
reaction, due to an additional pathway that led to an insoluble
brown solid and complete loss of product after 24 h. Conversion
of 1to 2 occurs at a faster rate in the presence of larger amounts
of hydrogen peroxide.

Analytically pure 2 was obtained by oxidizing 1 under N, with
AgPFg in THF/CH3CN to yield the surprising square-planar Co(lll)
species [MesN][Co"(pinF),]. The UV-vis spectrum of 2 has an
LMCT band at Amax = 405 nm (g = 3790 M-1cm1). The solution-
based, Evans method?!3-1> room-temperature magnetic moment
of 3.63 g for 2 suggests an S = 1, intermediate-spin state. This
observation is consistent with other Co(lll) square planar
compounds with {N4},16-19 {S,}20. 21 {C,},22 and heteroleptic?3
coordination (summary in Table S1). X-ray quality crystals were
obtained by layering a THF solution onto CH,Cl, (Figure 1 and
Table S3). The square planar coordination with t4 = 0.03 has Co-
O bond lengths (1.8020(17) and 1.7995(18) A) shorter than the
average (1.962(3) A) in 1, as expected.l® Notably, the UV-vis
spectra in both coordinating and non-coordinating solvents are
virtually identical (Figure S4), indicating that there is no axial
ligand bound in 2 in solid state or in solution. Even when
hydroxide is added to 2, no coordination is observed, suggesting
a steric, not electronic, reason for unsaturation. The
combination of shorter Co-O bonds and the steric bulk of eight
CF3 groups is proposed to inhibit coordination of a fifth ligand.
Addition of O, to ["BusN]z[Co(pinF),] in “acidified” solution has
previously been reported to give a product with a Amax of 405
nm.1! Therein the product was proposed to be the high-spin
cobalt(ll) species ["BusN][Co(pinF)(HpinF)(O,)]-EtOH based on a
solution magnetic moment measurement and EPR data.! Our
attempts to repeat the isolation of this product by this method
have proved unsuccessful. Because 2 has an identical Amay,
similar light sensitivity, and similar magnetic moment to that
reported earlier,11 we suggest that the proposed formulall is
incorrect, and that the previously reported compound was
("BugN)* salt of [Co"(pinF),]T-.

Compound 2 incorporates a rare, paramagnetic Co(lll) ion. The
room-temperature 'H-NMR-derived magnetic moment of 2 is
corroborated by SQUID magnetometry on a solid sample. Figure
3 shows ¥T ~ 1.8 cm3:K/mol at 300 K corresponding to an
apparent effective magnetic moment of 3.78 ug. These values
are intermediate between those expected for a triplet (xT~ 1
cm3-K/mol) and a quintet spin state (xT = 3 cm3:K/mol). From
300 to 50 K, T gradually decreases, followed by a more
dramatic fall to nearly zero at very low temperature. This
behaviour suggests the presence of a large temperature
independent paramagnetic (TIP) contribution and a large zero-
field splitting (ZFS) at low temperature. Least squares fitting of
experimental data vyielded a ZFS such that |D| ~ 70
cm, E/D ~ 1/3, giso = 2.24 and ymp = 1950-10°¢ cm3/mol. The

2| J. Name., 2012, 00, 1-3

observation of a triplet ground state with this large ZFS is
corroborated by reduced magnetization data (inset of Figure 3
and Figure S5), and lack of an EPR signal regardless of
temperature even for frequencies as high as 600 GHz (hv = 20
cm1).24 The ZFS was directly measured by FIRMS (Far InfraRed
Magnetic Spectroscopy),?®> which detected two resonances in
zero field at 49.2 cm and 85.2 cm?, identified as D-E and D+E
transitions, respectively (Figure 4) and leading to |D| = 67.2
cml; |E| = 18.0 cm™. The 2E transition, which should appear at
36 cm1, was not observed and therefore the sign of D is likely
to be positive. The positive sign of D is also supported by
magnetic fits (Figure S5) and is predicted by second-order
perturbation theory using the electronic structure discussed
below. Together these observations reveal a large unquenched
orbital momentum and a spin-orbit mixing of the orbital ground

state with several low—lying orbital states.
Figure 2. UV-vis spectral changes of conversion of 1 to 2 effected by H,0, in CH3;CN
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solution. Inset shows the time course of this process.
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Figure 3. Plot of 4T vs. temperature recorded for a powder sample of 2. Shown in black
are experimental data points. The solid red line is a simulation obtained for S = 1 with D
=70 cm’, E/D = 0.33, gis, = 2.24, and yrp = 1950106 cm3/mol. The inset shows the
reduced magnetization data recorded at 1.7 K, 5 K, 10 K, 15 K, 20 K, and 30 K for fields
from 0 to 7 T. The solid lines are simulations obtained using D = 65.44 cm™, E/D = 0.33,
Giso = 2.22.
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Figure 4. A false colour map of FIRMS resonances at 5 K showing two zero-field
transitions at 49.2 cm? and 85.2 cm™ evolving into powder patterns with applied
magnetic field. More details can be found in Figures S6-7 in the SI.

To illuminate the nature of the paramagnetic ground state and
to rationalize the observed spectroscopic behaviour, we have
completed a detailed theoretical investigation of 2. Calculations
using ORCAZ revealed the ligand field splitting shown
qualitatively in Scheme 2 (right).

An intermediate-spin, triplet ground state is further supported
by triplet (32, 0.0 kcal/mol), singlet (12, 38.9 kcal/mol), and
quintet (52, 15.8 kcal/mol) structures optimized at the PBEO/cc-
pVTZ/RIJCOSX level of theory. These calculations not only yield
a triplet configuration lowest in energy, but a geometry-
optimized structure with the best structural agreement with 2
(Table S4). The spin density for 32 is localized on the Co atom
(Figure S8) with the SOMOs best described as 3d,, and 3d,,,
orbitals. Analysis of the electron distribution suggests that the
3d,2 and 3d,z_,2 orbitals are doubly occupied and that, to a
first approximation, the |(x? — y2)2(2z2)%(xz)*(yz)%| Slater
determinant describes best the ground state of 2. This
electronic structure is confirmed by NEVPT2(12,10) calculations
(Figure S14). The cobalt spin population was 1.80/1.94 in the
PBEO/NEVPT2(12,10) calculations for 2 and 1.80/1.95 for 32
based on Léwdin population analysis. This result is a similar
electronic structure to that reported in Co complexes with
redox-active benzene dithiolate?’ and aminophenolate
ligands.28

To predict magnetic properties, NEVPT2 calculations were
performed on top of CASSCF(12,10) references averaged over
the three lowest triplet roots for 2 (see ESI). The axial ZFS
parameter D, rhombicity ratio £/D, and isotropic g-value were
calculated to be 77.1 cm, 0.27, and 2.37 respectively. These
theoretical values compare well with experiment. The g-tensor
was calculated to be highly anisotropic with principal
components g, = 2.00, gx = 2.43, and g, = 2.67. The 3B; state (D,
symmetry, 2273 cml) is dominated by configurations
characterized by 3d,2 to 3dy, (72.0%) and 3d,2_,2 to 3dy,
(22.1%) excitations. The 3B; state’s (3802 cm) dominant
configurations are characterized by 3d,2 to 3d,, (72.0%) and
3dy2_y2 to 3d,,; (22.1%) excitations.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 2. Coordinate system used for the discussion of 2 along with a qualitative ligand

field splitting diagram derived from NEVPT2(12,10) calculations averaged over three
triplet states. NOs and NOONSs can be found in Figure S26.

These quantum chemical theory calculations were
complemented by a series of classical ligand field theory
calculations?® that determined D =~ 70 cm™! with evidence that
contributions from both quintet and singlet excited states are
required for quantitative agreement with experiment, but the
dominant contribution is from triplet excited states arising from
transitions from the 3d,2 and 3d,z_,2 orbitals to the 3d,, and
3d,,, orbitals (details in ESI).

To understand the formation of 3 via 2, 1 was reacted with O,
H,O, and H,0,. Compound 1 is stable up to pH = 11,12 and
therefore nucleophilic attack by hydroxide alone does not lead
to C—C bond cleavage in neutral water; some oxidation is
required. There is no appearance of 2 or conversion to 3 from
the addition of H,O or O, alone to 1, but 1 reacts with O, in the
presence of a mild acid such as H,pinf. This reaction slowly
afforded 2, but in significant yield only after four days, and
complete conversion to 3 took seven days (Figure S17). When 2
in dry CHsCN is exposed to air in the presence of ("BusN)PFs, it
is slowly converted to 3 as indicated by UV-vis spectroscopy
(Figure S18), with a competing pathway leading to an insoluble
brown precipitate. Starting with dry CH3CN and gradual
exposure to air, the conversion from 2 to 3 takes up to a month
and also shows conversion to a transient Co(ll) species after 24
h. This Co(ll) species could be 1, which is produced from a
solution of 2 when exposed to light under N, (Figure S18). These
observations suggest that both the oxidant O, and a source of
H* are necessary for the formation of 2, and a further ROS is
needed to form 3. The fact that 2 does not form in H,0 suggests
a radical species whose lifetime is greater in CH3CN than H,0.
Isotopic labelling experiments were conducted to determine
the source of the new OH groups in the (Hpfa)- ligands. Each of
180, and H,'80 was separately introduced to a solution of 1,
while the other component was kept unlabelled, and 3 formed
in CH3CN. The product 3 was recrystallized and analysed by ESI-
MS (Figures S19-21) which showed 180 in [Co(Hpfa)s]% from
both reactions. These data and the H,0, experiment suggest a
reactive oxygen species, such as HOe, that can form in more
than one way. Because oxidation is required, O, could be
responsible for HOe formation, either indirectly from water
oxidation, or directly from itself being converted to hydroxyl
radical (Scheme S1).

J. Name., 2013, 00, 1-3 | 3



ChemGomm

Redox behaviour was also investigated with cyclic voltammetry
(CV). Compound 1 showed a quasi-reversible Co3*/Co?* couple
with an Ey/; of -0.134 V vs Fc*/Fc (Figure S22). Under N,, 2
showed a reversible couple with an Eq/; of -0.167 V vs. Fc/Fc*,
and when 3 was studied in dry CH3CN under N, a widely-
separated redox couple is observed, as well as another
oxidation event (Figure S23).

The reactivity of these species was monitored by cyclic
voltammetry: In CH3CN under ambient conditions both
electrochemical and UV-Vis data confirm the completion of the
reaction of 1 to 3 within several hours (Figure S24). However,
under ambient conditions in CH3CN no conversion of purified 2
to 3 was observed within one day, which is consistent with our
previously noted UV-Vis experiments

Interestingly, the CV of 3 in wet CH3CN shows oxidative catalytic
current (Figure S25), which increases with subsequent additions
of H,0 until a solid blue precipitate forms. Controlled potential
electrolysis, shows that the initial oxidative current significantly
diminished after 750 s, and did not increase when H,O was
added at 1800 s. When the working electrode was placed in
fresh electrolyte (Figures S26 and S27) little activity was
observed indicating that there was not an active heterogeneous
film. This catalytic activity may be water oxidation by
nanoparticulate CoOx material, a known H,O oxidation
catalyst,30 for which 3 is a precursor in CH3CN. Little change was
observed in CV data when the solution was filtered (Figure S28).
In summary, a highly unusual square-planar, paramagnetic Co(lll)
species, [Co(pinf);]Y, 2, has been prepared from [Co(pinF),]% by two
different routes. Compound 2 has an intermediate-spin, S=1, ground
state and very large ZFS with |[D| ~70 cm™, E/D~ 1/3,81=2.10, g =
2.25 and ymp = 1950:10¢ cm3/mol. This compound reacts with
reactive oxygen species to form a new tetrahedral Co(ll) compound,
[Co(Hpfa)s]?, 3, encapsulated by four intramolecular hydrogen
bonds among four monodentate diolate ligands.
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