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Abstract: High-valent cobalt-oxo intermediates are proposed
as reactive intermediates in a number of cobalt-complex-
mediated oxidation reactions. Herein we report the spectro-
scopic capture of low-spin (§=1/2) Co™-oxo species in the
presence of redox-inactive metal ions, such as Sc’*, Ce’*, Y*¥,
and Zn**, and the investigation of their reactivity in C—H bond
activation and sulfoxidation reactions. Theoretical calculations
predict that the binding of Lewis acidic metal ions to the cobalt-
oxo core increases the electrophilicity of the oxygen atom,
resulting in the redox tautomerism of a highly unstable
[(TAML)Co"™(O")]*~  species to a more stable
[(TAML)Co"(O)(M"")] core. The present report supports
the proposed role of the redox-inactive metal ions in facilitating
the formation of high-valent metal-oxo cores as a necessary
step for oxygen evolution in chemistry and biology.

H igh-valent metal-oxo complexes have been implicated as
active oxidants in oxygenation and water oxidation reactions
with a number of biological and chemical catalysts.[!!
Although high-valent terminal metal-oxo complexes of
Groups 3-8 are ubiquitous, isolation of metal-oxo species to
the right of Group 8 (also known as the “oxo wall” for C,,
symmetry) has only been achieved for heavy transition metals
like iridium® and platinum.”! For example, high-valent
terminal metal-oxo complexes of the lighter analogues like
cobalt, nickel, and copper still remain elusive, although they
are often invoked as highly reactive transient intermediates in
metal-complex-catalyzed C—H bond activation and O—O
bond formation reactions.'*#*> Theory suggests that they
should be powerful oxidants, perhaps even more reactive than
the related iron-oxo species.!"®! The predicted high reactivity
of the [M(O)]*" (M = Co, Ni, and Cu) species is attributed to
arelatively weak metal-oxo bond due to the population of the

metal-oxo t* orbitals, such that their electronic structure is
best described as intermediate between [M“*)*—O-] and
[M+2+=0] . 1t is argued that the radical character resulting
from significant spin density on the oxygen atom would make
the [M(O)]"* species particularly powerful hydrogen atom
abstracting agents and therefore extremely difficult to trap.

Some of us recently reported the stabilization of an § =3/2
cobalt(IV)-oxo species in the presence of a redox-inactive
Lewis acidic metal ion (e.g., Sc** ion);® however, others have
claimed it to be a Co™—OH species instead.”! In this study, we
report the extension of the same methodology in stabilizing
low-spin (S =1/2) [Co™(0)(M"")]™+?* intermediates (M"* =
Sc**, Ce**, Y**, and Zn*"). Notably, a similar strategy was
used recently to stabilize a [Cu"(NTs’)(Sc)]*" core, with
copper in an unusual formal oxidation state of + 3.1 Thus,
although the oxo wall still holds (as terminal cobalt(IV)-oxo
species by itself are still elusive), the present study firmly
establishes the wider application of the strategy of utilizing
redox-innocent Lewis acids in trapping short-lived intermedi-
ates responsible for the oxo- and nitrene-transfer reactions
mediated by mid-to-late transition metals (Scheme 1).

We have employed a tetraamido macrocyclic ligand
(TAML), which has found application in the stabilization of
a variety of high-valent iron(IV or V)-oxo and manganese(V)-
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Scheme 1. Oxidation of complex 1 to 2-M by CAN/H,O or PhIO/M"*.
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oxo complexes."!! In contrast to the previously employed
TMGs;tren (tris[2-(N-tetramethylguanidyl)ethyl]amine)
ligand,”® which enforced a trigonal-bipyramidal geometry at
the Co'" center stabilizing a S = 3/2 ground state, TAML can
provide access to a square-pyramidal cobalt(IV)-oxo center
that would be a prerequisite for the targeted S=1/2 state.
Reactions of equimolar amounts of deprotonated TAML and
cobalt(IIT) acetylacetonate in tetrahydrofuran afforded the
previously reported purple [(TAML)Co™]~ anion, which is
obtained as a lithium salt Li[(TAML)Co™]3(H,O) (1)
containing three cocrystallized molecules of water (see the
Supporting Information (SI), Tables S1 and S2 and Figures S1
and S2). Complex 1is paramagnetic with S =1 (u.;= 3.1 Bohr
magnetons) ground state, as expected for a Co™ ion in the
observed square-planar geometry. Cyclic voltammetry (CV)
measurements with 1 at 25°C in CH;CN give a reversible
oxidation wave centered at 1.00 V vs. saturated calomel
electrode (SI, Figure S3); coulometric measurements show
that the oxidation corresponds to a le~ process. The
reversibility of this oxidation wave at room temperature
suggests that a formal Co' state is thermally and kinetically
accessible.

In agreement with the electrochemical data, 1 is readily
oxidized in the presence of cerium ammonium nitrate (CAN)
in acetone at 5°C to form a metastable blue species (2-Ce)
with a half-life (¢,,,) of 20 min (SI, Figure S4, inset). The blue
color is associated with a band at 600 nm (¢ =7200m 'cm™)
with a shoulder near 730 nm (SI, Figure S4). We tentatively
assign these bands to be ligand-to-metal charge transfer
(LMCT) in origin, which presumably arise from transitions
from the amide nitrogens of TAML to the Co' center in 2-
Ce; as expected, these bands are significantly blue-shifted in
the corresponding Co™ complex 1 [A,,,=510nm (e=
4000M 'cm™) and 650 (e=1200M 'cm™')]. Interestingly,
treatment of 1 with iodosylbenzene (PhIO) in the presence
of Sc(CF;S0;); also generates a blue species (2-Sc¢) with
absorption features indistinguishable from those of 2-Ce, but
2-Sc is slightly more stable with a #,, of 35 min (Figure 1).
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Figure 1. UV/Vis spectra of 2-Sc (gray line) observed in the reaction of
1 (black line, 0.25 mm) and PhlO (3.0 equiv) in the presence of
Sc(CF;S0s); (20 equiv) in acetone at 5°C. Inset shows the experimen-
tal (gray line) and simulated (black line) X-band EPR spectrum of 2-Sc
(0.5 mm) at 10 K. For simulation parameters see text.
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Similarly, treatment of 1 with PhIO in the presence of other
redox-inactive metal ions, such as Y>* and Zn?*, results in the
generation of the characteristic absorption band at 600 nm
corresponding to the formation of 2-Y and 2-Zn, respectively.
It is notable that reactions of 1 with PhIO in the absence of
redox-inactive metal ions or in the presence of weaker Lewis
acidic metal ions,!'¥ such as Mg(CF;S0;),, Ca(CF;SO,),, and
Sr(CF;S05),, does not form the 2-M species, thereby estab-
lishing the importance of the Lewis acidity of the redox-
inactive metal ions in trapping the 2-M intermediates. Never-
theless, the absorption features of the 2-M (M = Sc*", Ce*",
Y?**, and Zn*") complexes are all identical irrespective of the
nature of the redox-inactive metal ions.

The nature of these blue species can be established by
a variety of spectroscopic techniques; characterizations were
performed mainly on 2-Se¢, because it was the most stable
species among the trapped 2-M complexes. Thus, cold-spray
ionization time-of-flight mass spectrometry (CSI-TOF MS) of
2-Screveals two high-resolution ion peaks at a mass-to-charge
(m/z) ratio of 785.1010 and 803.1042, whose mass and isotope
distribution patterns correspond to respective formulations of
[(TAML)Co(**0)(Sc)(CH;CN),(CH;OH),(CF;S0;)] (calcu-
lated m/z=785.1057) and [(TAML)Co('°O)(Sc)(CH;CN),-
(CF;80;)] (calculated m/z =803.1064) (SI, Figure S5). Upon
introduction of 'O into 2-Se using PhI'*®*O, mass shifts from
785.1057 to 787.1015 and from 803.1042 to 805.1021 occur (SI,
Figure S5 inset), thereby demonstrating that an oxygen atom
from PhIO is incorporated into 2-Se.

In contrast to 1, which is EPR silent, the X-band EPR
spectrum of 2-Sc at 5.0 K shows a highly rhombic signal at g, =
2.57, g,=2.16, and g, =2.03 (Figure 1, inset). Additionally,
a ¥Co hyperfine pattern is observed at g, according to an A,
component of the hyperfine coupling tensor of 52 x 10~* cm™!.
The observed large g-anisotropy (Ag=g,—g.) of 0.54 is
consistent with a cobalt-centered radical (S=1/2) resulting
from a low-spin Co' configuration™ in the ground state of 2-
Sc; this is further corroborated by X-ray absorption and DFT
studies (see below). Spin quantification of the EPR signal can
account for 70 % of the total cobalt spins present in solution,
thereby showing that 2-Sc represents the major product of the
reaction of 1 with PhIO in the presence of Sc* ion. EPR
spectra of other 2-M complexes were also measured and
found to be identical to 2-Se¢.l'”)

All our attempts to collect resonance Raman spectra
proved unsuccessful owing to the photodecomposition of 2-Se¢
under laser irradiation. Hence, structural evidence for the
nature of 2-Sc was derived from X-ray absorption spectros-
copy (XAS) studies at the Co K-edge (Figure 2; SI, Figures S6
and S7). A frozen acetone solution of 2-Sc exhibits a K-edge
at 7721.5eV, an energy value 0.9eV higher than that
associated with its cobalt(IIT) precursor 1, thereby supporting
metal-centered oxidation to the Co' state. The principal
feature of the inner-sphere scattering peaks in the extended
X-ray absorption fine structure (EXAFS) spectra of 2-Sc at R’
~1.40 A can be best fitted (SI, Table S3, fit 11) by considering
two shells: an 0.7 O/N scatterer at 1.67 A (assigned to the
Co™—O unit) and a further shell of 4.3 O/N scatterers at
1.86 A (corresponding to the N-donors of TAML). Fitting was
also performed by considering only one shell of 5.0 O/N
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Figure 2. X-ray absorption spectroscopy (XAS) at the cobalt K-edge.
Left: XANES spectra of 1 (black line) and 2-Sc (red line). Top right:
EXAFS data of 2-Sc on a wave vector scale as back-Fourier trans-
formation (black solid line) and simulation (dotted blue line). Bottom
right: Fourier-transformed EXAFS spectrum of 2-Sc (black solid line)
and simulation (blue dotted line). For details, see SI.

scatterers at 1.86 A (SI, Table S3, fit 3); the quality of the fit
was significantly improved by incorporating an additional O/
N shell (SI, Table S3, fit 4). Whereas the outer-shell features
can be satisfactorily accounted for by several single-scattering
paths involving 9C at 2.80 A, 1Sc at 3.38 A, 7C at 3.10 A, and
40 at 4.17 A, the fit could be satisfactorily improved by
introducing multiscattering paths involving elements of the
supporting TAML ligand. Based on the 0.9 eV blue shift of
the K-edge of 2-Sc relative to 1 and the presence of oxygen
and scandium scatterers at 1.67 A and 3.38 A, 2-Sc is
proposed to have one Sc** ion directly bound to the S=1/2
[(TAML)Co"™(O)]*" core. Notably, the determined Co-O
distance of 1.67 A for 2-Sc¢ in EXAFS is significantly shorter
than the Co-O distances of 1.79 A and 1.85 A determined for
[(0-P,W ;05 Co™),0]"~  (by X-ray diffraction)!'® and
[(TMGs;tren)Co™(0)(Sc)(CF;S05),)]*t (by EXAFS)E! com-
plexes, respectively, in which the formal oxidation state of the
cobalt centers is also + 4. This may reflect a higher single-
bond character of the Co—O bonds in [(c,,-P,W,,04,C0),0]*~
and [(TMG;tren)Co"(0)(Sc(CF;S0;);)]*" than in 2-Se.

In our effort to understand the role of redox-inactive
metal ions in the stabilization of the S=1/2 Co'V-oxo core,
density functional theory (DFT) calculations were performed
on 2-Se¢ as well as on the putative [(TAML)Co"™(0)]*" (2)
species in the absence of Sc** ion (SI, Tables S4 and S5 and
Figures S8 and S9). The calculated bond lengths of Co-O
1.700 A, Co-N 1.855 A, and Co-Sc 3.683 A for 2-Sc in the
doublet ground state are in good agreement with the EXAFS-
derived distances of 1.67, 1.86, and 3.38 A, respectively, which
validates our theoretical methods. Notably, a six-coordinate
scandium geometry is assumed in the calculation (with three
bound triflates and two hydroxides; SI, Figure S8) based on
the crystal  structure of  [(TMC)Fe™(O)(Sc)-
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(CF;S0;),(OH)]."  Furthermore, although a doublet
ground state is predicted for both 2 and 2-Se, analysis of the
Mulliken spin densities reveals significant differences in their
electronic structures (SI, Table S5). While the electronic
structure of 2 can be best represented as [(TAML)Co™(O")]*~
with 70 % of the unpaired-electron spin being localized on the
oxygen and only 24% on Co, 2-Sc possesses a [(TAML)-
Co™(0)(Sc)]" ground state with the unpaired spin being
predominantly (78 %) localized on the cobalt center. Thus,
the binding of Sc’* ion to the [(TAML)Co"™(O")]*~ core
initiates a redox tautomerization event, whereby one electron
is transferred from the Co™ center to the “oxo” ligand
thereby stabilizing a [(TAML)Co™(O)(Sc)]" core in 2-Sc.
Such a Lewis acid induced valence tautomerism is not
unprecedented in the literature; for example, Zn>" was
recently shown to bind to a Mn"-oxo corrolazine complex to
induce interconversion to a valence tautomer characterized as
a Mn'Y-oxo corrolazine m-cation-radical.*®

The reactivity of 2-Sc¢ was then investigated in hydrogen
atom (H atom) abstraction and oxygen atom transfer (OAT)
reactions. In the H atom abstraction reaction, addition of
xanthene to the solution of 2-Sc at 5°C regenerated 1 with an
isosbestic point at 530 nm (Figure 3a; SI, Figure S10). The
first-order rate constant, determined by pseudo-first-order
fitting of the kinetic data for the decay of 2-Se, increases
linearly with increasing xanthene concentration, thereby
giving a second-order rate constant of 2.3x 10 'm~'s™" at
5°C (81, Figure S11). A kinetic isotope effect (KIE) value of
13 was determined when [D,]-xanthene was used in the
reaction (SI, Figure S11). Such a large KIE value suggests that
the H atom abstraction by 2-S¢ occurs through tunnelling,
which is typical for H atom abstraction reactions mediated by
metal-oxo species.!'! The second-order rate constants were
also determined for the oxidation of other substrates by 2-Se,
and a linear correlation between the reaction rates and the C—
H bond dissociation energies (BDE)"'” of the substrates was
obtained, leading us to propose that the H atom abstraction
from the C—H bonds of substrates by 2-Se¢ is the rate-
determining step in the C—H bond activation reaction (Fig-
ure 3b; SI, Table S6 and Figure S12). Product analysis of the
reaction mixture revealed the formation of xanthone as
a major product (30 +5) % yield based on the amount of 2-S¢
used) (SI, Table S7). Also, the source of oxygen in the
xanthone product turned out to be the cobalt-oxo species,
which was shown by an '®O-labeling experiment using '*O-
labeled 2-Se (SI, Figure S13).

Complex 2-Sc also showed a high reactivity in OAT
reaction with thioanisole at 5°C, thereby producing thioani-
sole oxide quantitatively and regenerating 1 with an isosbestic
point at 530 nm (SI, Table S7 and Figure S14). The source of
oxygen in the sulfoxide product was found to be 2-S¢ on the
basis of the result of "*O-labeling experiment (SI, Figure S15);
this is consistent with the cobalt-oxo assignment of 2-Sec.
Moreover, as observed in the oxidation of sulfides by metal-
oxo species,™ the electrophilic character of the Co—O—Sc**
core in 2-Sc was established by a large negative p value of
—2.8 in the oxidation of para-substituted thioanisoles (Fig-
ure 3¢; SI, Table S8). Finally, the effect of redox-inactive
metal ions on the reactivities of 2-M was investigated in the

www.angewandte.de

Chemie

10573


http://www.angewandte.de

Angewandte

10574

Zuschriften

@) 600 nm |
E1.5
T 2.0 4 £
510 nm S
©
o 0.5
(ol Q
I <
< 1.0 4
3
(%)
Q
<
0'0 E T T T T T
500 600 700 800 900
A/nm —
(b)-0.8 1 Xanthene
©
T DHA
L 1,4-CHD
2]
=
> 169 TPM
RN
x
S
L -
74 76 78 80 82
BDE / kcal mol'—=
(©)
p-OMe
J ® o,
T 1.0 p-Me p=28
-_ () p'H
o
\é 0.0 - ° p-Cl
s}
p-CHO
-1.0 4

-0.4 -0.2 0.0 0.2 0.4 0.6

Figure 3. a) UV/Vis spectral changes observed in the reaction of 2-Sc
(0.25 mm) and xanthene (20 equiv) in acetone at 5°C. Inset shows the
time course monitored at 600 nm. b) Plot of log k,’ against the C—H
BDE of substrates for the reactions of 2-Sc. Second-order rate
constants, k,, were determined and then adjusted for reaction stoichi-
ometry to yield k,' based on the number of equivalent target C—H
bonds of substrates (see data in SI, Table S6 and Figure S12). c) Plots
of log (k) against Hammett g, constants for para-substituted
thioanisoles in acetone at 5°C. (see data in Sl, Table S8, and Fig-

ure S14).

oxidation of thioanisole. As we have shown in the case of
nonheme iron(IV)-oxo and manganese(IV)-oxo
plexes,” the OAT reactivity of 2-M becomes greater with
increasing Lewis acidity!™ of the redox-inactive metal ions in
2-M (SI, Figure S16).

In summary, we report the trapping of reactive low-spin
S=1/2 [(TAML)Co"(O)(M"")]®#2* (M"" =Sc**, Ce*t, Y7,
and Zn*") complexes in the reaction of [(TAML)Co™]~ with
CAN/H,O or with PhIO/M"* mixtures. In the absence of M"*
ions, no high-valent cobalt-oxo cores were accessible. The
binding of Lewis acidic metal ions presumably increases the
electrophilicity of the oxygen atom of the cobalt-oxo core,
resulting in the redox tautomerism of a highly unstable

com-
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[(TAML)Co™(O)]*> species to a more stable
[(TAML)Co"(0)(M"*)]~2+ core. Our particular interest in
low-spin cobalt(IV)-oxo species pertains to their proven
potential as active oxidants in C—H bond activation and water
oxidation reactions.”! Very recently, a heterogeneous cobalt
oxide catalyst for water oxidation has been proposed to
contain alkaline metals (albeit not detected by X-ray absorp-
tion spectroscopy)™! as part of Co;O, cubane moieties.! !
The alkaline metal ion in this species could facilitate access to
cobalt species with high oxidation states, similar to the Lewis
acidic metal ions described in this manuscript. Similarly, the
potential role of Ca’" in biological oxygen evolution by
facilitating high oxidation states at manganese has been
suggested by structural and electrochemical comparison
between a [Mn;CaO,]®" cubane and a related Mn,O,
cubane.” The present work supports the above hypotheses,
and therefore, provides an opportunity to elucidate elemen-
tary steps in cobalt-complex-mediated alkane and water
oxidation reactions, using the high purity of the Lewis acid
bound low-spin Co(IV)-oxo species, with its various prom-
inent spectroscopic signatures, as a stoichiometric reagent.
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