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ABSTRACT: The versatile applications of nitrile have led to the
widespread use of nitrile activation in the synthesis of pharmacologically
and industrially valuable compounds. We reported the activation of
nitriles using mononuclear cobalt(III)−hydroperoxo complexes,
[CoIII(Me3-TPADP)(O2H)(RCN)]2+ [R = Me (2) and Ph (2Ph)], to
form cobalt(III)−peroxyimidato complexes, [CoIII(Me3-TPADP)(R−
C(�NH)O2)]2+ [R = Me (3) and Ph (3Ph)]. The independence of the
rate on the nitrile concentration and the positive Hammett value of 3.2(2) indicated that the reactions occur via an intramolecular
nucleophilic attack of the hydroperoxide ligand to the coordinated nitrile carbon atom. In contrast, the previously reported
cobalt(III)−hydroperoxo complex, [CoIII(TBDAP)(O2H)(CH3CN)]2+ (2TBDAP), exhibited the deficiency of reactivity toward
nitrile. The comparison of pKa values and redox potentials of 2 and 2TBDAP showed that Me3-TPADP had a stronger ligand field
strength than that of TBDAP. The density functional theory calculations for 2 and 2TBDAP support that the strengthened ligand field
in 2 is mainly due to the replacement of two tert-butyl amine donors in TBDAP with methyl groups in Me3-TPADP, resulting in the
compression of the Co−Nax bond lengths. These results provide mechanistic evidence of nitrile activation by the cobalt(III)−
hydroperoxo complex and indicate that the basicity dependent on the ligand framework contributes to the ability of nitrile activation.
KEYWORDS: bioinorganic chemistry, nitrile activation, cobalt−hydropeoxo, basicity control, reactivity modulation

■ INTRODUCTION
The functionalization of nitriles has attracted considerable
interests in the fields of synthetic and pharmaceutical
chemistry because nitrile compounds are highly multipurposed
precursors for diverse functional groups.1,2 However, due to
the stability of nitrile possessing a strong C�N bond, the
classical methods to activate nitriles have exhibited several
disadvantages such as high energy demands and harsh
conditions.3−6 Thus, the accomplishment of the nitrile
activation under mild conditions has been considered a
challenging task.7,8 Inspired by the cobalt- or iron-containing
nitrile hydratase, the studies on the functionalization of nitriles
under ambient conditions by transition metal catalysts have
shown impressive progresses.9−18

Metal−dioxygen species such as metal−(hydro)peroxo [M−
O2(H)] complexes have been invoked as important reactive
intermediates for various oxidative reactions in biological
systems.19−24 For examples, numerous M−O2(H) complexes
have been reported to conduct nucleophilic reactions,
including aldehyde deformylation in biomimetic models.25−40

Several M−O2(H) species have been documented to readily
oxidize nitriles under mild conditions (Scheme 1).41−49 In a
rhodium complex with tert-butyl isocyanide and triethylphos-
phine ligands, it was revealed that the rhodium(III)−
hydroperoxo intermediate is responsible for the nitrile
activation to afford a rhodium(III)−peroxyimidato species

(step a).48 Similarly, the synthesis of a nickel(II)−perox-
yimidato complex was achieved by the reaction of a nickel(II)
complex bearing a tetradentate cyclam ligand with hydrogen
peroxide in CH3CN.

49 However, the mechanism for the
cyclization reaction forming a metal−peroxyimidato complex
remains elusive.
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Scheme 1. Nitrile Activation by Metal−Dioxygen
Complexes
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The cobalt(III)−peroxo complex with a TBDAP (N,N′-di-
tert-butyl-2,11-diaza[3.3](2,6)-pyridinophane) ligand has been
implicated as the oxidant for nitrile activation; in the presence
of weak Lewis acids, the reactions of the cobalt(III)−peroxo
complex and nitriles give cobalt(III)−peroxyimidato com-
plexes (step b).41−44 Then, the addition of an external base
induces the conversion of the cobalt(III)−peroxyimidato
complexes to the cobalt(III)−hydroximato complexes.44
Theoretical studies have suggested that the cobalt(III)−
peroxyimidato complex is formed via a nucleophilic attack by
the peroxo moiety.42−44 However, the cobalt(III)−hydro-
peroxo complex from the conversion of the cobalt(III)−peroxo
species by much stronger Lewis acidic metal ions in place of
weak Lewis acid additives shows a lack of reactivity toward
nitrile.44 The result is significantly different from the previously
reported nitrile activation by M−O2H complexes and requires
further studies for the reaction mechanism.
The difference in reactivity toward nitrile by the M−O2H

complexes (M = Rh, Ni, and Co) may be attributed to the
differences in nucleophilicity. The rhodium and nickel
complexes feature strong electron-donating ligands such as
tert-butyl isocyanide/triethylphosphine and cyclam, respec-
tively, leading to higher basicity than that of the cobalt complex
with the pyridine-based TBDAP ligand.44,48,49 The assumption
can be rationalized by previous studies stating that the ligand
modification of metal−oxygen complexes affected the struc-
tural and the chemical properties.50−55 For example, the α-
substitution of the pyridine ring in the 6-Me3-TPA ligand
tuned the bond lengths of an iron(II) complex; bulkier methyl
substituted pyridine groups gave the elongation of the Fe−N
bonds, which showed the weaker basicity than that of the TPA
ligand without methyl groups.50 The iron(III)−peroxo species
with an electron-rich porphyrin has been found to be more
reactive in terms of nucleophilic reactivity toward electron-
poor olefins.54 Furthermore, the introduction of an axial ligand
to a porphyrin iron(III)−peroxo complex has led to a
significant increase in the nucleophilic olefin oxidation.55

In this context, we examine the reactivity and basicity of
cobalt(III)−hydroperoxo complexes supported by TBDAP and
Me3-TPADP (3,6,9-trimethyl-3,6,9-triaza-1(2,6)-pyridinacy-
clodecaphane) ligands and report herein the nitrile activation
by mononuclear cobalt(III)−hydroperoxo complexes,
[CoIII(Me3-TPADP)(O2H)(RCN)]2+ [R = Me (2) and Ph
(2Ph)]. We reveal that the nitrile activation proceeds through
an intramolecular nucleophilic attack of the hydroperoxide
ligand to nitrile carbon, producing the cobalt(III)−perox-
yimidato complexes [CoIII(Me3-TPADP)(R−C(�NH)O2)]2+
[R = Me (3) and Ph (3Ph)] (Scheme 2). The fact that the
reactivity of the cobalt(III)−hydroperoxo complex is markedly
enhanced upon replacing the TBDAP ligand with Me3-TPADP
suggests that the basicity of Me3-TPADP is higher than that of
TBDAP. The tendency was supported by the thermodynamic

factors such as pKa values and redox potentials of cobalt(III)−
hydroperoxo complexes and density functional theory (DFT)
studies. These results provide valuable mechanistic insights
into nitrile activation by M−O2(H) intermediates, illuminating
the reaction mechanism and the factors governing the
reactivity.

■ RESULTS AND DISCUSSION

Nitrile Activation of [CoIII(Me3-TPADP)(O2H)(CH3CN)]2+ (2)

2 was prepared by modifying a previously described
method.56,57 The generation of 2 was carried out from the
reaction of the isolated cobalt(III)−peroxo complex,
[CoIII(Me3-TPADP)(O2)]+ (1), with 1 equiv of HOTf in
CH3CN/CH3OH (v/v = 1:1) at 0 °C, which afforded the
characteristic absorption band of 2 at 320 nm (ε = 4100 M−1

cm−1) (Figure 1a). The solution changed from purple to
magenta. Spectroscopic titration established the stoichiometric
conversion of 1 to 2 by HOTf (Figure S1). Then, 2 readily
reacted with CH3CN to give 3 with the disappearance of the
characteristic band of 2 and the appearance of a weak
absorption band at 630 nm (ε = 320 M−1 cm−1) in 88% yield,
which exhibited isosbestic points at 414, 455, and 571 nm
(Figures 1a and S2). The reaction accompanied the color
change from magenta to cyan. In the absence of HOTf, the
spectrum of 1 remained unchanged at 0 °C, which indicated
that 1 was an ineffective oxidant in nitrile activation (Figure
S3). The electrospray ionization mass spectrometry (ESI−MS)
spectrum of 3 exhibited a prominent ion peak at a mass-to-
charge (m/z) ratio of 190.5, whose mass and isotope pattern
correspond to [Co(Me3-TPADP)(CH3C(�NH)O2)]2+
(3-16O; calcd. m/z 190.6) (Figure 1b). When the reaction
was executed with [Co(Me3-TPADP)(18O2)]+, a mass peak
corresponding to [Co(Me3-TPADP)(CH3C(�NH)18O2)]2+
(3-18O) appeared at m/z 192.5 (calcd. m/z 192.6) (Figure
1b, inset). The increase of 4 mass units demonstrated that the
oxygen atoms of 3 were derived from the peroxo ligand of 1.
The Fourier-transform infrared (FT-IR) spectrum of 3 showed
apparent peaks corresponding to the N−H and C�N
vibrations at 3288 and 1636 cm−1, respectively, whose values
were comparable to those of the previously reported
cobalt(III)−peroxyimidato species (Figure S4).44
The characteristic peaks of 3 were further assigned by 1H

NMR, carbon nuclear magnetic resonance (13C NMR),
1H−1H homonuclear correlation spectroscopy (COSY), and
1H−13C heteronuclear single quantum coherence (HSQC) in
CD3CN/CD3OD (v/v = 1:1) at 0 °C (Figures 1c and S5−S8).
The 1H NMR spectrum of 3 showed the characteristic signal
associated with the methyl group of the peroxyacetimidate
ligand moiety in 3 at 2.43 ppm (Figures 1c and S5). Based on
the 1H−13C HSQC experiment, a single cross peak exhibited
that a 1H signal at 2.43 ppm correlated with the 13C chemical
shift at 16.31 ppm, indicating the presence of a methyl group in
the peroxyacetimidate ligand moiety of 3 (Figure 1c, inset and
Figure S8). However, the observation of the NH group of
imine moiety might be hampered by the fast proton exchange
with the solvent.58−61 The X-band electron paramagnetic
resonance (EPR) silence (Figure S9) and the NMR spectral
features obviously demonstrated that 3 was a low-spin S = 0
cobalt(III)−peroxyimidato complex. The X-ray crystal struc-
ture of 3-(ClO4)2(CH3CN)2 revealed the cobalt(III) center in
a distorted octahedral geometry (Figure 2, Tables S1 and S10).
The five-membered chelate ring of a peroxyacetimidate ligand

Scheme 2. Nitrile Activation of a Cobalt(III)−Hydroperoxo
Complex (2) from the Reaction of Cobalt(III)−Peroxo
Complex (1) and Nitriles in the Presence of Proton
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included the N5−Co−O1 angle of 83.64(17)°, arising from
the oxidation of carbon in nitrile by the hydroperoxo group.
The O1−O2 bond length was 1.482(4) Å, which was similar to
those of previously reported peroxyacetimidate cobalt(III)
(1.482(3) Å) and rhodium(III) complexes (1.491(2) Å).44,48

The C1−N5 and C1−O2 bond lengths were 1.284(5) and
1.310(5) Å, respectively, which were comparable to those of
other metal−peroxyimidato complexes.44,48 Furthermore, the
hydrogen atom (H1) of the imine moiety was successfully
refined (Figure S10). Taken together, these spectroscopic and
structural evidence clearly indicated that 3 was a cobalt(III)−
peroxyimidato complex, [CoIII(Me3-TPADP)(CH3C(�NH)-
O2)]2+.

The absorption spectral titration experiments indicated that
an excess of CH3CN was required for the full formation of 2
(Figure S11). In the presence of 2.4 M CH3CN in CH3OH at
0 °C, 2 vanished with a first-order decay profile. Interestingly,
the observed pseudo-first-order rate constant (kobs = 5.9(0) ×
10−3 s−1) was independent of the concentration of CH3CN
(Figure 3a). Activation parameters of the nitrile activation

Figure 1. (a) UV−vis spectral changes for the reaction of 1 (0.25
mM, black) in the presence of HOTf (0.25 mM) in CH3CN/CH3OH
(v/v = 1:1) at 0 °C, which affords 2 (blue) following decay to form 3
(red). Inset shows the time course of the absorption band at 320 nm
and its first-order fitting (red line). (b) Electrospray ionization mass
spectrometry (ESI−MS) spectrum of 3. The peak at m/z 190.5
corresponds to 3-16O. Insets show observed isotope distribution
patterns for 3-16O (red) and 3-18O (blue). (c) Proton nuclear
magnetic resonance (1H NMR) spectrum of 3 (16 mM) in CD3CN/
CD3OD (v/v = 1:1) at 0 °C exhibits the methyl group of the
peroxyacetimidate ligand bound to the cobalt(III) center at 2.43 ppm
as a green circle. The peaks marked with “*” are ascribed to solvents.
Inset shows the 1H−13C heteronuclear single quantum coherence
(HSQC) spectrum including a green cross peak (δC = 16.31, δH =
2.43) correlating with the methyl group of 3.

Figure 2. ORTEP of [CoIII(Me3-TPADP)(CH3C(�NH)O2)]2+ (3)
with thermal ellipsoids drawn at the 30% probability level. Hydrogen
atoms are omitted for clarity, except for a hydrogen atom on the imine
moiety.

Figure 3. (a) Plot of kobs against CH3CN concentration obtained in
the reaction of 2 (0.25 mM) with CH3CN to determine a first-order
rate constant (kobs) at 0 °C. (b) Plot of first-order rate constants
against 1/T obtained in the reaction of 2 (0.25 mM) with CH3CN to
determine the activation parameters. (c) Hammett plot of ln kobs
against σp+ of benzonitrile derivatives in the reaction of 2 (0.25 mM)
with para-X−Ph−CN (X = CH3, F, H, Cl, Br) at 0 °C.
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from 2 to 3 were determined to be ΔH‡ = 13(1) kcal mol−1
and ΔS‡ = −22(2) cal mol−1 K−1 from an Eyring analysis of
temperature-dependent kobs in the range of 263−293 K (Figure
3b). The observed negative entropy value was arising from the
highly ordered transition state of the cyclization reaction.62−65

These kinetic data suggested that the formation of 3 occurred
via a unimolecular mechanism (vide infra). The kinetic isotope
effect (KIE) value was determined to be 1.0 using CD3CN,
which displayed that the rate-determining step of nitrile
activation by 2 was scarcely affected by the C−H bond
dissociation energies of the CH3CN.
When the CH3CN was replaced with benzonitrile (PhCN)

in the optical titration, a cobalt(III)−hydroperoxo species,
[CoIII(Me3-TPADP)(O2H)(PhCN)]2+ (2Ph), was fully gen-
erated at a low concentration of PhCN (Figure S12). Adding
HOTf to a solution of 1 in the presence of 0.3 M benzonitrile
(PhCN) in CH3OH/CHCl3 (v/v = 19:1) at 0 °C caused
immediate generation of 2Ph, which converted to the
cobalt(III)−peroxybenzimidato complex, [CoIII(Me3-
TPADP)(PhC(�NH)O2)]2+ (3Ph), in 93% yield with
isosbestic points at 401, 455, and 570 nm (Figure S13 for
UV−vis and ESI−MS spectra). Further kinetic studies for the
formation of 3Ph in the range of 0.075−0.3 M showed
consistent reaction rates regardless of the concentration of
PhCN, giving a kobs value of 1.4(1) × 10−3 s−1 at 0 °C (Figure
S14). The reactions of 2 with para-substituted benzonitrile
derivatives, p-X−Ph−CN (X = CH3, F, H, Cl, and Br), were
performed to assess the electronic nature of the CoIII−O2H
moiety of 2 in the cyclization reaction. The Hammett plot of
the pseudo-first-order rate constants versus σp+ gave a ρ value
of 3.2(2) (Figure 3c). The positive ρ value indicated that the
cyclization for the cobalt(III)−peroxyimidato complex in-
volved a nucleophilic attack of the hydroperoxide ligand of 2 to
the carbon atom of the nitrile group attached to the cobalt
center. Kinetic studies provided the first experimental evidence
in support of the previously proposed mechanism for nitrile
activation by M−O2H.44,48

Nitrile Activation of [CoIII(Me3-TPADP)(O2)]+ (1) by Weak
Lewis Acidic Metal Ions

Tuning the reactivities of metal−oxygen intermediates by
redox-inactive metal ions has attracted interest in the
bioinorganic chemistry for decades.66−72 Based on the previous
work for the CoIII−peroxo species with a tetradentate
macrocyclic ligand, [CoIII(TBDAP)(O2)]+ (1TBDAP), it is
known that weak Lewis acids play an important role in nitrile
activation.44 To expand our understanding of the nitrile
activation reaction, the addition of a weaker Lewis acid such as
Y(OTf)3 to a solution of 1 in CH3CN/CH3OH (v/v = 1:1) at
30 °C was examined, which resulted in the decay of 1 with the
simultaneous production of corresponding 3 (70% yield) with
an isosbestic point at 565 nm (Supporting Information, Figure
S15a,b). The color changed from purple to cyan. The resulting
solution was analyzed with ESI−MS, which exhibited an
appreciable ion peak at m/z 190.6, corresponding to 3,
[CoIII(Me3-TPADP)(CH3C(�NH)O2)]2+ (calcd. m/z 190.6)
(Supporting Information, Figure S15c). These results
suggested that weak Lewis acids also promoted nitrile
activation to form 3 without the observation of 2.
The transformation of 1 to 3 followed first-order kinetics

with the kobs values increasing proportionally with the
concentration of CH3CN to give a second-order rate constant
(k2) of 3.0(1) × 10−4 M−1 s−1 at 30 °C (Figures 4a, S15 and

S16). The temperature-dependent k2 values in the range of
298−323 K yielded a linear Eyring plot, which determined the
activation parameters of ΔH‡ = 7.5(1) kcal mol−1 and ΔS‡ =
−50(3) cal mol−1 K−1 (Figure 4b). Notably, the observed
entropy value was much more negative than that of 2. The
second-order kinetics and the large negative entropy value
suggested a bimolecular mechanism.
Addition of Y(OTf)3 to a solution of 1 in the presence of 0.3

M PhCN in CH3OH/CHCl3 (v/v = 19:1) at 30 °C afforded
3Ph in 94% yield, which exhibited an isosbestic point at 592 nm
(Figure S17 for UV−vis and ESI−MS spectra). Reactions of 1
with para-X−Ph−CN (X = MeO, CH3, H, Cl) were
performed, and the resulting Hammett plot of the pseudo-
first-order rate constants versus σp+ gave a ρ value of 0.25(3)
(Figure 4c). The very small ρ value demonstrated that the
electron-donating ability of the nitrile derivatives rarely
affected the activation.44

The effect of Mn+ ions was confirmed using relatively weaker
Lewis acidic metal ions such as Lu3+ and Eu3+ instead of Y3+
(Figure S18). The logarithms of the pseudo-first-order rate
constants (log kobs) were correlated with the Lewis acidities of
the metal ions, which revealed that the more Lewis acidic

Figure 4. Reactivity studies of 1 (0.25 mM) with nitrile derivatives in
the presence of Y(OTf)3 (0.25 mM). (a) Plot of kobs against the
CH3CN concentration to determine a second-order rate constant (k2)
at 30 °C. (b) Plot of second-order rate constants against 1/T to
determine activation parameters. (c) Hammett plot of ln kobs against
σp+ of benzonitrile derivatives, para-X−Ph−CN (X = OMe, CH3, H,
Cl) at 30 °C.
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metals lead to faster rates (Figure S19). However, when the
reaction was studied with more Lewis acid metals, Sc3+ and
Al3+, to further confirm the influence of the Mn+ ions, a
different outcome was observed; 1 was immediately converted
to 2. These results were nearly paralleled with the previously
reported nitrile activation of 1TBDAP by weak Lewis acids.44

Mechanistic Studies
On the basis of the kinetic studies, the plausible mechanisms
for the nitrile activation by 1 with weak and strong Lewis acids
are illustrated in Scheme 3. Addition of weak Lewis acids such

as Eu3+, Lu3+, and Y3+ to 1 resulted in the gradual conversion of
1 to 3. It was proposed that the interaction of the peroxo
moiety of 1 with weak Lewis acids promoted the Co−O bond
cleavage with nitrile addition (step a). Subsequently, the
nucleophilic attack of the peroxo ligand of 1 and the following
H+ transfer gave 3 (steps b and c) (Figure S20). The second-
order kinetics and the low ρ value of 0.25(3) in Hammett
analysis indicated that the Co−O bond cleavage process was a
rate-determining step to form the end-on cobalt(III)−peroxo
moiety, which was also supported by the trend of enhanced
reaction rates with an increase of the Lewis acidity of Mn+. A
similar mechanism has been proposed for the previously
reported nitrile activation by the reaction of 1TBDAP and nitrile
under the weak Lewis acids.44

In contrast, the treatment of the strong Lewis acid, HOTf,
with 1 gave prompt formation of 2 (step d), which readily
reacted with nitriles to form 3 (steps e and f). The observed
first-order kinetics and the positive ρ value of 3.2(2) of 2
strongly supported that nitrile activation proceeded via a rate-
determining intramolecular cyclization by the nucleophilic
attack of distal oxygen on the hydroperoxo ligand to nitrile
carbon (step e). The subsequent H+ transfer reaction
generated 3 (step f) (Figure S21).
The nitrile activation by 2 presented a marked difference

with the previously reported cobalt(III)−hydroperoxo com-
plex, [CoIII(TBDAP)(O2H)(CH3CN)]2+ (2TBDAP), which
showed a lack of reactivity with nitrile (step g).44 To
comprehend the distinct reactivity of nitrile activation,
scrutinies of the crystal structures from the different ligand
frameworks were employed. In the X-ray crystal structures of
the cobalt(III)−peroxo complexes, 1 adopted a similar
distorted octahedral geometry of 1TBDAP, which arose from
the substitutions of the two axial tert-butyl groups of 1TBDAP
with methyl groups and one of the two equatorial pyridines
with a tertiary amine.44,57 However, the Co−N bond lengths of
the two complexes displayed distinguished discrepancies. For
instance, the average Co−Nax distance of 1.996 Å in 1 was
significantly shorter than that of 1TBDAP (2.100 Å). The average
Co−Neq of 1.951 Å in 1 was longer than the average Co−Neq

of 1.879 Å in 1TBDAP. The trends were very likely due to the
presence of the steric bulkiness of the axial tert-butyl amine
groups in 1TBDAP, preventing the approach of axial ligands to
the metal center. On the other hand, the less bulky methyl
groups in 1 led to relatively contracted Co−Nax bonds, which
probably pushed the equatorial ligands away. Similar effects of
steric bulky substituents inducing longer M−N bond lengths
have also been reported.50−53

Based on a comparison of the observed bond lengths of 1
and 1TBDAP, thermodynamic parameters such as pKa and redox
potential of 2 were compared to those of 2TBDAP. The pKa
value of 2 was estimated as 7.7, which was higher than that of
2TBDAP (pKa = 2.1) (Figures S22 and S23). The significantly
different pKa values could be mainly rationalized by the
compression of Co−Nax distances in Me3-TPADP for the
peroxo case, which could explain its higher basicity due to a
strong ligand field.44,57 Furthermore, the decreased redox
potential of 2 (0.12 V vs Fc+/0) compared to that of 2TBDAP
(0.24 V vs Fc+/0) indicated that 2 was a more electron-rich
complex (Figure S24),73 which was consistent with the
previous studies that reported the decreases in redox potential
values by the introduction of less bulky ligands.50−53 These
results were further supported by DFT calculations (vide
infra). Thus, the substantially different pKa values and redox
potentials of 2 and 2TBDAP clearly illustrated that the control of
basicity by ligand substitution greatly affected the nucleophil-
icity of the corresponding cobalt(III)−hydroperoxo complexes
and regulated the reactivity of nitrile activation.
DFT Calculations

Previously, we reported the DFT calculations for 2 to obtain
chemical insights into the geometry and O−O bond cleavage
behavior.56 In this work, to understand the difference in ligand
field, we further studied the molecular orbitals (MOs) for the
two cobalt(III)−hydroperoxo complexes 2 and 2TBDAP (Figure
5). The ground states of both 2 and 2TBDAP were determined
to be S = 0, consistent with the experimental observation.57,73

In the MO diagram, 2 shows a larger energy gap between the
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) than that of 2TBDAP.

Scheme 3. Proposed Mechanism of the Nitrile Activation
Depending on the Lewis Acidity of Mn+

Figure 5. Molecular orbital diagrams for 2 and 2TBDAP (top) and
optimized geometry (bottom).
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Both HOMOs dominantly originated from the πv* orbital of
peroxide (∼85%) lying in similar energy so that the O−O
bonds are less affected from the ligand field as shown in the
O−O bond frequencies. In contrast, the LUMO of 2 is more
destabilized compared to that of 2TBDAP with a large t2g−eg
energy gap due to the majority of Co-dz2 orbital being the
constituent, which is reflected in the one-electron reduction
potential. Moreover, a more stabilized dx2−y2 orbital in 2 is
consistent with the elongation of the equatorial donors (i.e.,
N2 and N4) by shortening of the axial donors of 2 (i.e., N1
and N3), inducing less splitting between the dz2 and dx2−y2
orbitals.52,74,75 The contraction of the axial ligands in 2 is
attributed to the less hindered methyl group rather than the
bulkier tert-butyl substituent to the equatorial plan, by which
the axial donors of 2 bind strongly to cobalt center. Therefore,
the stronger ligand field of the Me3-TPADP ligand of 2 than
that of the TBDAP ligand of 2TBADP is ascribed not only to the
substitution of the pyridine donor with an amine donor but
also to the less bulky methyl group compared to the tert-butyl
group.
Reaction of [CoIII(Me3-TPADP)(CH3C(�NH)O2)]2+ (3) with
Base
Upon adding 20 equiv of triethylamine (TEA) to the solution
of 3 in CH3CN at 60 °C, the decay of 3 was observed with the
growth of an absorption band at 312 nm (ε = 4700 M−1 cm−1)
(Scheme 4 and Figure S25a). The ESI−MS spectrum of the

solution showed prominent peaks at m/z of 380.3 and 190.6.
The main peak at m/z 380.3 corresponds to [Co(Me3-
TPADP)(CH3(�NO)O)]+ (calcd. m/z 380.2), which in-
dicated the formation of a cobalt(III)−hydroximato complex
by the deprotonation of 3 (Figure S25b). The other peak at m/
z 190.6 was consistent with the cobalt(III)−hydroxamato
species, [Co(Me3-TPADP)(CH3C(−NHO)O)]2+ (calcd. m/z
190.6). The protonated form was favored in Me3-TPADP,
while the deprotonated form was preferred in TBDAP. The
result agreed with the difference in the basicity of the
cobalt(III)−hydroperoxo complexes.

■ CONCLUSIONS
In this study, we have shown that the addition of HOTf to the
solution of a cobalt(III)−peroxo complex, [CoIII(Me3-
TPADP)(O2)]+ (1), resulted in the formation of cobalt-
(III)−hydroperoxo complexes, [CoIII(Me3-TPADP)(O2H)-
(RCN)]2+ [R = Me (2) and Ph (2Ph)], conducting nitrile
activation to yield cobalt(III)−peroxyimidato complexes,
[CoIII(Me3-TPADP)(R−C(�NH)O2)]2+ [R = Me (3) and
Ph (3Ph)]. 3 was characterized with various physicochemical
methods such as UV−vis, ESI−MS, IR, NMR, EPR, and XRD
analysis. The first-order kinetics and the positive ρ value of
3.2(2) in Hammett analysis demonstrated that the formation
of 3 occurred via the intramolecular nucleophilic attack of the
hydroperoxide ligand to the carbon atom of nitrile in 2. In the
reaction of 1 with nitrile in the presence of weak Lewis acids
such as Y(OTf)3, Lu(OTf)3, and La(OTf)3 instead of HOTf,

the formation of 3 was observed with second-order kinetics,
suggesting a bimolecular mechanism. The very low Hammett ρ
value of 0.25(3) and the slower reaction rate with the weaker
Lewis acids indicated that the Co−O bond cleavage was the
rate-determining step. However, the previously reported
cobalt(III)−hydroperoxo complex, [CoIII(TBDAP)(O2H)-
(CH3CN)]2+ (2TBDAP), was unreactive with nitrile, showing a
contrasting result to 2. The analysis of the properties of 2 and
2TBDAP revealed that 2 had a higher pKa value of 7.7 compared
to that of 2TBDAP (pKa = 2.1). The lower redox potential value
of 2 (0.12 V vs Fc+/0) in comparison to 2TBDAP (0.24 V vs
Fc+/0) agreed with the higher electron-donating ability of 2.
The DFT studies of 2 and 2TBDAP suggested that the stronger
ligand field in 2 was primarily related to the shorter Co−Nax
bond distances by the introduction of a less bulky methyl
group, in line with the results from the crystal structures of the
cobalt(III)−peroxo complexes of Me3-TPADP and TBDAP.
This study provided the first mechanistic elucidations into
nitrile activation by the cobalt(III)−hydroperoxo complex and
shed light on the crucial role of basicity in nitrile activation.

■ METHODS
The following analytical instruments and software were used in this
study: UV−vis: Hewlett-Packard 8454 diode array, ESI−MS: Waters
Acquity SQD Quadrupole, FT-IR: Thermo Scientific Nicolet iS10,
EPR: JEOL JES-FA200, NMR: Varian VNMRS 600, CV: CH
Instruments, CHI 600E, XRD: Bruker SMART APEX II CCD, and
DFT calculations: Gaussian 09 computational package.

■ ASSOCIATED CONTENT
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Experimental details on the generation and character-
ization and DFT calculations; UV−vis, ESI−MS, IR,
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procedures and data; UV−vis titration for pKa values of
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