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Formation of cobalt-oxygen intermediates by dioxygen activation 
at a mononuclear nonheme cobalt(II) center 
Deesha D. Malik,a Anirban Chandra,b Mi Sook Seo,a Yong-Min Lee,a Erik R. Farquhar,c Stefan Mebs,d 
Holger Dau,d Kallol Ray,*b and Wonwoo Nam*a

A mononuclear nonheme cobalt(II) complex, [(TMG3tren)CoII(OTf)](OTf) (1), activates dioxygen in the presence of hydrogen 
atom donor substrates, such as tetrahydrofuran and cyclohexene, resulting in the generation of a cobalt(II)-alkylperoxide 
intermediate (2), which then converts to the previously reported cobalt(IV)-oxo complex, [(TMG3tren)CoIV(O)]2+-(Sc(OTf)3)n] 
(3), in >90% yield upon addition of a redox-inactive metal ion, Sc(OTf)3. Intermediates 2 and 3 represent the cobalt analogues 
of the proposed iron(II)-alkylperoxide precursor that converts to an iron(IV)-oxo intermediate via O-O bond heterolysis in 
pterin-dependent nonheme iron oxygenases. In reactivity studies, 2 shows an amphoteric reactivity in electrophilic and 
nucleophilic reactions, whereas 3 is an electrophilic oxidant. To the best of our knowledge, the present study reports the 
first example showing the generation of cobalt-oxygen intermediates by activating dioxygen at a cobalt(II) center and the 
reactivities of the cobalt-oxygen intermediates in oxidation reaction. 

Introduction
One primary goal in biomimetic research is to understand 
mechanisms of dioxygen (O2) activation at transition metal 
centers, structures of reactive intermediates generated in the 
O2-activation reactions, and reactivities of these intermediates 
in various oxidation reactions.1,2 Very often, enzymatic O2-
activation occurs at an iron(II) active site that leads to a variety 
of two-electron oxidation processes; a co-substrate then 
provides the remaining two electrons required for the four-
electron reduction of O2.3-9 In pterin-dependent nonheme iron 
oxygenases, tetrahydrobiopterin (BH4) is used as a co-substrate 
that delivers two electrons simultaneously to the active site to 
form iron(II)-alkylperoxide and iron(IV)-oxo species in the 
proposed reaction mechanism (Scheme 1A).10,11 In biomimetic 
studies, a number of nonheme iron(IV)-oxo complexes have 
been synthesized by activating O2 via mechanisms reminiscent 
of the O2-activation process proposed in biology.12-26 Thus, O2-
activation at nonheme iron(II) centers is being unveiled in both 
enzymatic and biomimetic reactions. However, there is a 
significant gap in our present understanding in cobalt complex-
mediated O2-activation reactions. For example, although 
generation of mono- and dinuclear Co-superoxo and -peroxo 
complexes by O2-activation at Co(II) centers has been reported 

in a number of cases,27-32 direct spectroscopic evidence for the 
generation of terminal Co-O intermediates in the O2-activation 
reactions has never been obtained previously. Moreover, 
mechanisms of the formation of Co-oxygen intermediates in the 
O2-activation by cobalt complexes remain elusive. Regarding 
the Co-O species, some of us recently reported the stabilization 
of S = 1/2 and S = 3/2 cobalt(IV)-oxo species in solution by 
employing iodosylbenzene (PhIO) as an artificial oxidant in the 
presence of a redox-inactive metal ion (e.g., Sc3+ ion) or 
proton;33-39 however, others have claimed that one of the 
proposed cobalt(IV)-oxo species is a cobalt(III)-OH species 
instead.40 Very recently, a terminal Co(III)-oxo complex was 
synthesized, isolated, characterized structurally and 

Scheme 1 Proposed mechanisms for (a) pterin-dependent nonheme iron 
oxygenases and (b) formation of intermediates 2 and 3 by activating dioxygen 
by a Co(II) complex. 

a.  Department of Chemistry and Nano Science, Ewha Womans University, Seoul 
03760, Korea. E-mail: wwnam@ewha.ac.kr

b.Department of Chemistry, Humboldt-Universität zu Berlin, Brook-Taylor-Straße 2, 
12489 Berlin, Germany. E-mail: kallol.ray@chemie.hu-berlin.de

c.  Case Center for Synchrotron Biosciences, NSLS-II, Brookhaven National 
Laboratory Upton, NY 11973, USA

d Freie Universität Berlin, FB Physik, Arnimallee 14, 14195 Berlin, Germany
 
Electronic Supplementary Information (ESI) available: [details of any supplementary 
information available should be included here]. See DOI: 10.1039/x0xx00000x

Page 1 of 10 Dalton Transactions



ARTICLE Journal Name

2 | J. Name., 2021, 00, 1-10 This journal is © The Royal Society of Chemistry 2021

Please do not adjust margins

Please do not adjust margins

spectroscopically, and investigated in reactivity studies.41-44 
Herein, we report the generation of CoII-alkylperoxide species 
(2) in the reaction of a cobalt(II) complex and O2 in the presence 
of hydrogen atom (H-atom) donors and the conversion of 2 to a 
CoIV-O-(Sc3+)n species (3) upon addition of Sc3+ ion (Scheme 1B); 
thus, the Sc3+ ion triggers an O-O bond heterolysis step of 2 that 
leads to the generation of a high-valent CoIV-O-(Sc3+)n species by 
stabilizing the CoIV-O core. Then, the reactivities of 2 and 3 are 
discussed in both nucleophilic and electrophilic oxidation 
reactions. 

Results and discussion
The starting [(TMG3tren)CoII(OTf)](OTf) (1) complex (TMG3tren 
= tris[2-(N-tetramethylguanidyl)ethyl]amine; OTf = CF3SO3

–), is 
air-stable in acetone (see Fig. S1 and Tables S1 and S2 for the 
crystal structure of [(TMG3tren)CoII](BPh4)2 (1-BPh4)).35 
Interestingly, when 1 was exposed to air in the presence of a 
small amount of tetrahydrofuran (THF) in acetone at 25 oC, a 
green intermediate 2a with absorption bands at 400 (ε = 1900 
M–1 cm–1) and 705 nm (ε = 230 M–1 cm–1) was generated within 
20 min (Fig. 1a; see also Fig. S2). The formation rate of 2a was 
found to depend on the concentration of THF added, and the 
pseudo-first-order fitting of the kinetic data at 400 nm 
increased linearly with an increase of the THF concentration, 
affording a second-order rate constant of 3.7(2) × 10−2 M−1 s−1 

at 25 °C (Fig. S3). We also found that 2a was formed much slowly 
when deuterated THF (THF-d8) was used instead of THF, giving 
a kinetic isotope effect (KIE) value of 30 (Fig. S3). Such a large 
KIE value indicates that a hydrogen atom abstraction (HAA) 
from THF (and THF-d8) by 1 is the rate-determining step (r.d.s.) 
for the formation of 2a (vide infra). 

Cyclohexene can also be used as a H-atom donor instead of 
THF45-47 to generate 2b (Scheme 2) with UV-vis absorption 
features similar to 2a (Fig. S4a), but the absorption peak 
wavelengths are slightly different from 2a (Fig. S2 and Fig. S4a). 
Organic product analysis revealed that cyclohex-2-enol and 
cyclohex-2-enone were formed as major products (Table S3). 
The formation rate of 2b in the reaction of 1 and cyclohexene in 
the presence of O2 was determined to be 7.7(5) × 10–5 M–1 s–1 
at 25 °C, which is much slower than the formation rate of 2a 
with THF (i.e., 3.7(2) × 10−2 M−1 s−1 at 25 °C) (Fig. S4b). 
Furthermore, a KIE value of 4.0 was determined in the reactions 
of cyclohexene-h10 and cyclohexene-d10 (Fig. S4b), which is 
significantly lower than that obtained for THF. Although, the C-
H bond dissociation energy of THF48-51 is higher than that in 
cyclohexene, the faster rate of formation of 2a with larger KIE 
in THF can be plausibly attributed to favourable stereo-

Fig. 2 1H NMR spectra of (a) 1 (4.0 mM), (b) 2a (4.0 mM), and (c) 2c (4.0 mM) 
in acetone-d6 at 298 K.

Scheme 2 Proposed structures of intermediates 2a, 2b, and 2c.

Fig. 1 (a) UV−vis spectral changes for the formation of 2a (blue line) upon 
addition of THF (0.10 M) to an O2-saturated acetone solution of 1 (0.25 mM; 
black bold line) at 25 °C. Inset shows the EPR spectrum of 2a (1.0 mM) 
recorded at 5 K. (b) UV−vis spectral change for the conversion from 2a (blue 
line) to 3 (red line) upon addition of Sc(OTf)3

 (0.50 mM; 2.0 equiv.) to an 
acetone solution of 2a at 0 °C. Inset shows the EPR spectrum of 3 (1.0 mM) 
recorded at 5 K.
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electronic interactions between the oxygen lone-pairs and the 
adjacent C-H bond, as noted previously.48-53

Then, what is the nature of 2a and 2b? All our attempts to 
obtain the crystal structures of 2a and 2b failed. Therefore, we 
tried to characterize them spectroscopically. The X-band 
electron paramagnetic resonance (EPR) spectra of 2a (Fig. 1a 
inset) and 2b (Fig. S5a) are strikingly similar to the axial S = 3/2 
EPR signal of 1, with effective g values of g┴ = 4.3 and gǁ = 2.09,35 
showing that Co(II) oxidation states and magnetic centers of 2a 
and 2b are retained. Notably, previous EPR studies of a series of 
[(TMG3tren)CoIIX]n+ (X = OTf–, Cl–, and CH3CN, n = 1 or 2) have 
also shown that the EPR parameters of [(TMG3tren)CoII]2+ are 
not sensitive to the nature of the fifth ligand.35 Thus, 1H NMR 
analysis has been performed for 1 and 2a (Fig. 2). Although the 
paramagnetic property of 1 and 2a makes the peak assignment 
difficult, the chemical shifts of the TMG3tren ligand peaks in 2a 
(Fig. 2b) are found to be very similar to those in 1 (Fig. 2a). This 
supports the similar magnetic properties of 1 and 2a, as 
suggested by EPR (vide supra). The 1H NMR spectrum of 2a 
exhibits additional peaks marked with green asterisks (Fig. 2b), 
which is possibly attributed to the presence of a different fifth 
ligand in 2a (-OOR in 2a with R = THF-H, instead of -OTf in 1). 
The X-ray absorption near edge spectrum (XANES) of 2a reveals 
an edge energy of 7718.6 eV (Fig. 3a), which is comparable to 
the 7718.79 eV that is previously reported for 1 and significantly 
red-shifted relative to the reported value of 7720.04 eV for 3.35 
Extended X-ray absorption fine structure (EXAFS) analysis of 2a 
shows 5 Co-N/O scatters at 2.04 Å, which is similar to the 
average Co-N distances of 2.05 Å observed in 1 (Fig. 3b; Table 

S4). Cold-spray ionization time-of-flight mass spectra (CSI-MS) 
of 2a and 2b, however, exhibits a prominent ion peak at m/z = 
664.4, which was assigned to [CoIV(O)(TMG3tren)(OTf)]+ (calcd 
m/z = 664.3) (Fig. 4 for 2a and Fig. S6 for 2b). Use of isotopically 
labelled dioxygen (18O2) for the generation of 2a and 2b showed 
two-mass unit upshift to m/z = 666.4, indicating that the oxygen 
atom in 2a and 2b was derived from O2 (Fig. 4 inset for 2a and 
Fig. S6 inset for 2b). It is suggested that 2a and 2b are unstable 
under the conditions of CSI-MS, and the alkylhydroperoxo O-O 
bonds of 2a and 2b are cleaved to form the 
[CoIV(O)(TMG3tren)(OTf)]+ species.

Based on the +2 oxidation state of cobalt in 2a and 2b and 
their generation from 1 by H-atom abstraction from THF or 
cyclohexene in the presence of O2, we propose [(TMG3tren)CoII-
OOR]+ (R = THF-H for 2a and CyHex-H for 2b) for 2 (Scheme 2). 
Consistent with this assignment, 2 can also be generated by 
reacting 1 with alkyl hydroperoxides. For example, upon 
addition of cumene hydroperoxide (CumOOH) to the solution of 
1 in acetone at 25 oC, a green intermediate, denoted as 2c, was 
formed with UV-vis absorption bands at λmax = 415 (ε = 4600 M–1 
cm–1) and 680 nm (ε = 630 M–1 cm–1) (Fig. S7), which is similar 
to those of 2a and 2b (Fig. S2 and Fig. S4a). EPR (Fig. S5b) and 
1H-NMR (Fig. 2c) spectral features were also found to be similar 
to 2a and 2b. The CSI-MS analysis of 2c, like 2a and 2b, also 
showed a prominent mass peak at m/z = 664.3 corresponding 
to [CoIV(O)(TMG3tren)(OTf)]+ (calcd m/z = 664.3) (Fig. S8). In 2c, 
an additional peak at m/z = 663.3 corresponding to 
[CoIII(TMG3tren-O)(OTf)]+ (calcd m/z = 663.3) was also observed, 
which presumably results from further oxidation of the 
TMG3tren ligand in the presence of residual CumOOH. When 
Cum18O18OH was used instead of Cum16O16OH, a two-mass unit 
shift from m/z = 663.3 and 664.3 to m/z = 665.3 and 666.3, 
respectively, was observed (Fig. S8 inset). 1H-NMR spectrum of 
2c, like 2a, also revealed the additional peaks marked with blue 
asterisks (Fig. 2c). Finally, the infrared spectra of an acetone 
solution of 2c exhibited a signal at 865 cm-1; this band, which 

Fig. 3 (a) Normalized Co K-edge X-ray absorption spectra of 1 (black line), 2a 
(blue line), and 3 (red line). (b) Observed (black line) and simulated (blue line) 
Fourier-transformed EXAFS spectra of 2a. The inset shows the observed 
(black line) and simulated (blue line) EXAFS data on a wave-vector scale 
before calculation of the Fourier transform.

Fig. 4 Positive mode CSI-MS spectrum of 2a produced in the O2-activation 
reaction by 1 upon addition of THF (0.10 M) to an O2-saturated acetone 
solution of 1 (0.25 mM) at 25 oC. The peaks at m/z = 664.4 and 648.4 
correspond to [CoIV(O)(TMG3tren)(OTf)]+ (calcd m/z = 664.3) and 
[CoII(TMG3tren)(OTf)]+ (calcd m/z = 648.3), respectively. The insets show the 
observed isotope distribution patterns for [CoIV(16O)(TMG3tren)(OTf)]+ (m/z 
= 664.4) originated from 2a-16O (left panel) and [CoIV(18O)(TMG3tren)(OTf)]+ 
(m/z = 666.4) originated from 2a-18O (right panel).
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was absent in 1 and red-shifted in CumOOH, is attributed to 
(O-O) of the CoII-OOCum core in 2c (Fig. 5). 

Interestingly, addition of Sc(OTf)3 to the solutions of the 
Co(II)-alkylperoxide intermediates, such as 2a, 2b, and 2c, 
resulted in the instantaneous formation of the previously 
reported Co(IV)-oxo species, [(TMG3tren)CoIV(O)]2+-(Sc(OTf)3)n 
(3),35 in a near-stoichiometric yield at 0 oC, as indicated by its 
characteristic absorption bands centered at 470 and 900 nm 
(Fig. 1b; Fig. S9) and the rhombic EPR spectrum (E/D = 0.15 ± 
0.01) with g┴ = 5.8 and gǁ = 2.58 (Fig. 1b inset). Since the 
conversion of 2 to 3 was very fast at 0 oC, we could not monitor 
the rate of reaction even at low temperature using a 
conventional UV-vis spectrophotometer; therefore, we turned 
to stopped-flow methods at –40 oC (Fig. 6). Intermediate 2a 
with absorption bands at 400 and 705 nm was converted to 
intermediate 3 having absorption bands at 470 and 900 nm with 
isosbestic points at 440 and 600 nm within 5 s (kobs = 7.1 × 10–1 
s–1) (Fig. 6).35 Furthermore, in the reaction of 2c and Sc(OTf)3, 
cumene alcohol was detected as a sole product (~100%), 

suggesting heterolytic O-O bond cleavage of the cumyl peroxide 
group of 2c to yield 3. 

EXAFS analysis of 3, which was generated by 2a upon 
addition of Sc3+ ion, can reproduce the previously reported Co-
O distance of 1.85 Å for the CoIV-O-(Sc3+)n core (Table S5 and Fig. 
S10). DFT calculations predict a very short CoIV-O distance of 

1.684 Å for the S = 3/2 [(TMG3tren)CoIV(O)]2+ complex (Fig. 
S11a). Binding of a single Sc3+ ion to the Co(IV)-oxo core leads to 
an elongation of the DFT-derived CoIV-O distance to 1.764 Å in 
[(TMG3tren)CoIV(O)(Sc(OTf)3)]2+ (Fig. S11b), with introduction of 
an additional Sc3+ ion into the CoIV-O-Sc3+ interaction further 
elongating the calculated CoIV-O distance to 1.854 Å in 
[(TMG3tren)CoIV(O)(Sc(OTf)(OH)2)2]2+ (Fig. S11c), which is in 
excellent agreement with experiment (Table S6). Further, the 
rhombic EPR spectrum of 3 with g┴ = 5.80 and gǁ = 2.58 is unique 
for cobalt in a +4 oxidation state, and contrasts to the axial S = 
3/2 signal observed for all [(TMG3tren)CoII]2+ complexes 
irrespective of the presence or absence of the axial ligand. Spin 
quantification based on the EPR signal accounts for 94% of the 
total cobalt-spin in the solution of 3 (Fig. S12), thereby showing 
that any Co(III) species, if formed, are present only in a small 
quantity. We therefore propose a CoIV-O-(Sc3+)2 assignment of 
3; EPR, XAS, and DFT data are not consistent with the suggestion 
of an alternative [(TMG3tren)CoIII(OH)Sc(OTf)3]2+ assignment.39 

A proposed mechanism for the O2-activation by 1 is depicted 
in Scheme 1B. In the absence of any H-atom donors, binding of 
O2 to Complex 1 is not favoured. However, presence of H-atom 
donors initiates a preequilibrium binding of O2 to the high-spin 
Co(II) center in 1 to form a transient cobalt-dioxygen (Co-O2) 
intermediate (Scheme 1B, reaction a). Subsequent H-atom 
abstraction from THF or cyclohexene by Co-O2 results in the 
generation of cobalt(III)-hydroperoxide and a carbon based 

Fig. 5 Solution IR spectral changes of 2c (60 mM; blue line) upon addition of 
cumene hydroperoxide (60 mM) in acetone at 25 °C. Black line shows 
solution IR spectrum of acetone and red line shows cumene hydroperoxide 
(60 mM).

Fig. 6 Visible spectral changes for the formation of 3 (red line) upon addition 
of Sc(OTf)3 (2.0 equiv) to a solution of 2a (0.25 mM; blue line) in acetone at –
40 °C. Inset shows time course monitored at 470 nm due to the formation of 
3.

Fig. 7 (a) Plots of pseudo-first-order rate constants (kobs) against the 
concentration of CCA to determine the second-order rate constants (k2) for 
the CCA deformylation reaction by 2a (black circles), 2b (red circles), and 2c 
(blue circles) in acetone at 25 °C. (b) Hammett plot of log k2 against σp

+ for 
the reactions of 2a with para-X-benzaldehydes (X = Me, H, F, and CN) in 
acetone at 25 °C.
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radical (Scheme 1B, reaction b),45-47 which then recombines to 
yield a cobalt(II)-alkylperoxide species (2) (Scheme 1B, reaction 
c). The H-atom abstraction by the presumed Co-O2 species is the 
rate-determining step (r.d.s.), as evident from the measured 
large KIE values. The rebound step is also important. For 
example, in the reaction of 1 with THF in the presence of 5,5-
Dimethyl-1-pyrroline N-oxide (DMPO) as a radical scavenger 
(Fig. S13), a trend of decreasing yield of 2a with increasing 
concentration of DMPO was observed. Furthermore, no 
generation of 2 is observed in presence of phenols or 
dihydroanthracene (Fig. S14). In these cases the necessary 
recombination of cobalt(III)-hydroperoxide and radical for the 
formation of 2 is presumably hampered by the formation of the 
C-C coupling products (in phenols) or the second HAT to form 
anthracene in case of DHA. In the final step, addition of Sc3+ ion 
to the solution of 2 affords the CoIV-O-(Sc3+)n core via O-O bond 
heterolysis of the cobalt(II)-alkylperoxide intermediate (Scheme 
1B, reaction d), as has been proposed in the chemistry of a 
nonheme iron(II)-alkylperoxide species, in which the formation 
of an iron(IV)-oxo species was observed via a heterolytic O-O 
bond cleavage of Fe(II)-OOH(R) species.54 Similarly, Que, 
Company and co-workers have proposed O-O bond heterolysis 
of nonheme iron(III)-hydroperoxide intermediates in the 
presence of H+ or Sc3+.55-57 

Detailed reactivities of the cobalt(II)-alkylperoxide species 
(2) and cobalt(IV)-oxo-Sc3+ (3) species were investigated in both 
nucleophilic and electrophilic reactions. First, the nucleophilic 
character of the Co intermediates was examined in aldehyde 
deformylation reactions. While complex 3 did not show any 
reactivity with cyclohexane carboxaldehyde (CCA) (Fig. S15), 
addition of CCA to 2a in acetone at 25 °C resulted in the decay 
of the characteristic band at 400 nm with a second-order rate 
constant (k2) of 2.8(2) × 10−1 M−1 s−1 (Fig. 7a and Fig. S16). 
Product analysis of the reaction solution revealed the formation 
of cyclohexene, a deformylated product of CCA,58-60 in 30(4)% 
yield based on the amount of 2a used. The electrospray 

ionization mass spectrum (ESI-MS) of the reaction solution of 2a 
showed the formation of [CoII(TMG3tren)]2+, which was further 
confirmed by EPR as CoII (Fig. S17). The reactivity of 2a was 
further investigated by using substituted benzaldehydes with a 
series of electron-donating and -withdrawing substituents at 
the para-position of the phenyl group (para-X-Ph-CHO; X = Me, 
H, F, and CN) (Table S7 and Fig. S18). A positive slope (ρ) of 1.1 
in the Hammett plot was obtained (Fig. 7b), further 
demonstrating that complex 2a is a nucleophilic oxidant.55,61 
Addition of CCA to intermediates 2b and 2c also showed 
deformylation reactions with second order rate constants of 
1.2(1) × 10−1 M−1 s−1 and 1.6(1) × 10−1 M−1 s−1, respectively (Fig. 
7a). 

The electrophilic character of 2a and 3 was also investigated 
in hydrogen atom transfer (HAT) reactions with substrates 
containing weak C-H bonds, such as xanthene, DHA, and CHD, 
and in oxygen atom transfer (OAT) reactions with PPh3. 
Complex 3 is a competent oxidant in both HAT and OAT 
reactions, as other high-valent Co(IV)-oxo complexes are 
electrophilic oxidants.33-38 For example, 3 performed OAT to 
PPh3 at a rate of three orders of magnitude faster than 2a (Fig. 
8; Figs. S19 – S22). Similarly, 3 is approximately one order of 
magnitude faster than 2a in HAT reactions. In addition, KIE 
values of 4.6(3) and 2.3(2) were determined in the reactions of 
xanthene/xanthene-d2 with 2a and 3, respectively (Fig. 8). 
Further, the rate constants of their reactions with the C-H 
substrates correlate linearly with the C-H BDEs of the 
substrates,47 thereby establishing H-atom abstraction as the 
r.d.s. for both 2a and 3 (Fig. 9; Table S8; Figs. S23 and S24). 2c 

Fig. 8 (a, b) Plots of pseudo-first-order rate constants (kobs) against the 
concentration of substrates, (a) xanthene-(h2 and d2) and (b) PPh3, to 
determine the second-order rate constants (k2) for the oxidation of xanthene 
and PPh3 by 2a in acetone at 25 °C. (c, d) Plots of pseudo-first-order rate 
constants (kobs) against the concentration of substrates, (c) xanthene-(h2 and 
d2) and (d) PPh3, to determine the second-order rate constants (k2) for the 
oxidation of xanthene and PPh3 by 3 in acetone at 0 °C.

Fig. 9 Plots of log k2’ vs C–H BDE values of substrates for the oxidation of 
xanthene, DHA and CHD by (a) 2a at 25 °C and (b) 3 at 0 °C in acetone. The k2’ 
values were obtained by dividing the second-order rate constants (k2) by the 
numbers of equivalent target C-H bonds in the substrates (i.e., 2 for xanthene 
and 4 for DHA and CHD).
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showed slow reactions towards HAT and OAT reactions (Fig. 
S25), compared to that of 2a. Product analysis for the HAT and 
OAT reactions by 2a and 3 was performed with ESI-MS and EPR 
for the decay product(s) of the cobalt intermediates, and 
organic product analysis was carried out with GC and HPLC 
methods (Table S9 and Figs. S26 and S27). From the reactivity 
studies, we conclude that both 2 and 3 are electrophilic oxidants 
and further that 2 is an amphoteric oxidant showing reactivity 
in both electrophilic and nucleophilic reactions. It is worth 
noting that other metal-(hydro)alkylperoxide complexes have 
shown reactivities in both electrophilic and nucleophilic 
reactions.58,61-70

Conclusions
In summary, the previously reported CoIV-O-(Sc3+)n complex, 3,35 
is generated in near-stoichiometric yield by activating dioxygen 
at a Co(II) complex, 1, via a mechanism reminiscent of the 
dioxygen activation process observed in biology. In particular, 2 
represents the cobalt analogue of the proposed iron(II)-
alkylperoxide precursor that converts to an iron(IV)-oxo 
intermediate by O-O bond heterolysis in pterin-dependent 
nonheme iron oxygenases. A comparative reactivity study 
demonstrates that complex 2 is amphoteric in nature in 
contrast to the predominantly electrophilic property of 3. To 
conclude, the present study represents the first example 
showing the generation of Co(II)-alkylperoxide and Co(IV)-oxo 
intermediates by employing dioxygen as an oxidant, thereby 
supporting the proposed involvement of such intermediates in 
nonheme cobalt complex-mediated alkane hydroxylation and 
dioxygen reduction reactions. 

Experimental 
Materials

All chemicals, such as scandium(III) trifluoromethanesulfonate 
(ScIII(OTf)3), cyclohexene, xanthene, triphenylphoshine, 
benzaldehyde, p-methylbenzaldehyde, p-flurobenzaldehyde, p-
cyanobenzaldehyde, cumene hydroperoxide, 9,10-
dihydroanthracene, 1,4-cyclohexadiene and 2,4 ditert 
butylphenol, which were of the best available purity, were 
purchased from Sigma-Aldrich Chemical Co. and Alfa and TCI 
Chemicals, and used as received unless noted otherwise. 
Solvents were dried according to the published procedures and 
distilled under an argon atmosphere prior to use.71 TMG3tren (= 
1,1,1-tris{2-(N-tetramethylguanidyl)ethyl}amine) ligand,72-74 
xanthene-d2,75-77 and the Co(OTf)2

78 (OTf– = CF3SO3
–) were 

synthesized according to the previously reported methods. To 
obtain [(TMG3tren)Co](BPh4)2 (1-BPh4) complex, the anion 
exchange from OTf– to BPh4

– was performed by adding 10 equiv. 
of NaBPh4 to a solution of [(TMG3tren)CoII](OTf)2 (1). 

Instrumentation 

The conclusions section should come in this section at the end 
of the article, before the acknowledgements.

UV-vis spectra were recorded on a Hewlett Packard 8453 diode 
array spectrophotometers equipped with a UNISOKU Scientific 
Instruments Cryostat USP-203A for low-temperature 
experiments. Cold spray ionization time-of-flight mass (CSI-MS) 
spectral data were collected on a JMS-T100CS (JEOL) mass 
spectrometer equipped with the CSI source [conditions: needle 
voltage = 2.2 kV, orifice 1 current = 50-500 nA, orifice 1 voltage 
= 0-20 V, ringlens voltage = 10 V, ion source temperature = 5 oC, 
spray temperature = –40 °C]. CSI-MS spectral data for 2a, 2b, 2c 
and 3 were obtained by directly infusing the reaction solution 
into the ion source through pre-cooled tube under high N2 gas 
pressure. Electrospray ionization mass (ESI-MS) spectra were 
collected on a Thermo Finnigan (San Jose, CA, USA) LCQTM 
Advantage MAX quadrupole ion trap instrument, by infusing 
samples directly into the source at 20 μL/min with a syringe 
pump. The spray voltage was set at 3.7 kV and the capillary 
temperature at 80 °C. X-band CW-EPR spectra were recorded at 
5 K using X-band Bruker EMX-plus spectrometer equipped with 
a dual mode cavity (ER 4116DM) [All experimental parameters 
as follow: microwave frequency = 9.646 GHz, microwave power 
= 1.0 mW, modulation amplitude = 10 G, gain = 1 × 104, 
modulation frequency = 100 kHz, time constant = 40.96 ms, 
conversion time = 81.00 ms]. Low temperature was achieved 
and controlled with an Oxford Instruments ESR900 liquid He 
quartz cryostat with an Oxford Instruments ITC503 temperature 
and gas flow controller. Product analysis was performed with 
waters 515 high performance liquid chromatography (HPLC), 
and Agilent Technologies 6890N gas chromatograph (GC) and 
Thermo Finnigan (Austin, Texas, USA) FOCUS DSQ (dual stage 
quadrupole) mass spectrometer interfaced with Finnigan 
FOCUS gas chromatograph (GC-MS).

X-Ray Structural Analysis 

 [(TMG3tren)CoII](OTf)2 (1) was synthesized according to the 
literature procedure.35 To improve the quality of the single 
crystal of 1, the anion exchange from OTf– to BPh4

– has been 
performed by introducing NaBPh4 into a solution containing 1. 
Single crystals of 1-BPh4 suitable for X-ray crystallographic 
analysis were obtained by slow diffusion of Et2O into a saturated 
acetone solution of 1-BPh4 (Fig. S1 for the crystal structure). The 
crystals were taken from the solution by a nylon loop (Hampton 
Research Co.) on a handmade cooper plate and mounted on a 
goniometer head in a N2 cryostream. The diffraction data for 1-
BPh4 was collected at 170(2) K, on a Bruker SMART AXS 
diffractometer equipped with a monochromator in the Mo Kα 
(λ = 0.71073 Å) incident beam. The CCD data were integrated 
and scaled using the Bruker-SAINT software package, and the 
structure was solved and refined using SHEXTL V 6.12.79 
Hydrogen atoms were located in the calculated positions. CCDC-
2090593 contains the supplementary crystallographic data for 
1-BPh4. The crystallographic data and selected bond distances 
and angles for 1-BPh4 are listed in Tables S1 and S2. These data 
can be obtained free of charge via 
www.ccdc.cam.ac.uk/data_request/cif or from the Cambridge 
Crystallographic Data Centre, 12, Union Road, Cambridge CB2 
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1EZ, UK; fax: (+44) 1223-336-033; or email: 
deposit@ccdc.cam.ac.uk. 

Kinetic Measurements 

All reactions were run in a 1-cm UV quartz cuvette followed by 
monitoring UV-visible spectral changes of reaction solutions. 
Rate constants were determined under pseudo-first-order 
conditions (i.e., [substrate]/[Intermediate] > 10) by fitting the 
changes in absorbance for disappearance of peaks at 400 nm 
due to 2a and 470 nm due to 3. The substrates, such as 
xanthene, 9,10-dihydroanthracene (DHA), and 1,4-
cyclohexadiene (CHD), were used in the C-H bond activation 
reactions by 2a and 3 in acetone. The kinetic isotope effect (KIE) 
values for the oxidation of xanthene-(h2 and d2) by 2a and 3 
were determined by comparing the k2 values obtained in the C-
H and C-D bond activations of xanthene-h2 and xanthene-d2, 
respectively. The kinetic experiments were run at least in 
triplicate, and the data reported represent the average of these 
reactions. The k2′ values were obtained by dividing second-
order rate constants (k2) with the number of equivalent target 
C-H bonds of substrates. Aldehyde deformylation reactions by 
2a, 2b, and 2c were also performed to investigate the 
nucleophilic characters of 2a, 2b, and 2c.

Product Analysis 

Products produced in the oxidation of substrates, such as CHD, 
DHA, and cyclohexane carboxaldehyde (CCA), by 2a and 3 
complexes were analyzed by GC. Product yields were 
determined by comparing the peak areas of sample products in 
GC chromatograms against standard curves prepared with 
known authentic references using decane as an internal 
standard. Products produced in the oxidation of 
triphenylphosphine by 2a and 3 were analyzed by HPLC. Product 
yields were determined by comparing the peak areas of sample 
products in HPLC chromatograms against standard curves 
prepared with known authentic reference. The inorganic cobalt 
products obtained in the oxidation of substrates by cobalt 
intermediates were also analyzed by EPR and ESI-MS 
spectroscopies.

X-ray Absorption Spectroscopy (SSRL)

XAS data for 1 and 2a were collected at beamline 2-2 of the 
Stanford Synchrotron Radiation Lightsource (SLAC National 
Accelerator Lab, Menlo Park, CA, USA), with the storage ring 
operating at 3.0 GeV and 500 mA. A Si(111) double crystal 
monochromator was used for energy selection, and was 
detuned by ~40% for harmonic rejection. Sample temperatures 
were maintained at approximately 20 K using a He Displex 
cryostat. Co metal foil spectra were recorded simultaneously 
using a photodiode for internal energy calibration, with the first 
inflection point of the reference foil edge set to 7709.0 eV. XAS 
data were collected as fluorescence spectra using a 13 element 
solid state germanium detector (Canberra), with the following 
parameters: 10 eV steps/1 second integration time in the pre-
edge region, 0.3 eV steps /2 second integration time in the 
edge, and 0.05k steps in the EXAFS, with integration time 

increasing in a k2-weighted fashion from 2 to 8 seconds over the 
energy range (kmax = 12.5k). The total detector counts were 
typically 5-25 kHz, well within the linear range of the detector 
electronics. Samples were monitored for photoreduction during 
data collection, however no photoreduction was observed for 
any sample based on the absence of any scan-to-scan red-shift 
in the absorption edge. Tandem Mossbauer/XAS cups with a 
sample window of ~ 6mm x 10 mm were used as sample cells.
Averaging and normalization of the XAS data was performed 
using Athena,80 a graphical implementation of the IFEFFIT 
package.81 EXAFS analysis of 2a was carried out using Artemis, 
which incorporates the IFEFFIT fitting engine and FEFF6 for ab 
initio EXAFS phase and amplitude parameters. DFT calculated 
structures were used as FEFF6 input to identify significant paths. 
For a given shell in all simulations, the coordination number n 
was fixed, while r and σ2 were allowed to float. The amplitude 
reduction factor S0

2 was fixed at 0.9, while the edge shift 
parameter ΔE0 was allowed to float at a single common value 
for all shells. The fit was evaluated in k3-weighted R-space, and 
fit quality was judged by the reported R-factor. 

XAS measurements and DFT calculations (BESSY)

XAS measurements of 3 were conducted at the KMC3 beamline 
of the BESSY synchrotron at the Helmholtz-Zentrum Berlin 
(HZB). The samples were disposed at ca. -60°C into cylindrical 
Teflon sample holders with thin walls of roughly 100 µm 
specifically designed for X-ray spectroscopy. Data collection was 
performed at 20 K in a liquid-helium cryostat in fluorescence 
detection mode using a 13 element ultra-low energy resolving 
Silicon drift detector (SDD) from Canberra. Over 25 spectra 
were averaged in order to improve the signal-to-noise ratio. 
Averaged spectra were background-corrected and normalized 
using in-house software. Subsequently, unfiltered k3-weighted 
spectra and phase functions from FEFF8.582 were used for 
least-squares curve-fitting of the EXAFS with in-house software 
and for calculation of Fourier-transforms representing k-values 
between 2 and 14 Å−1. Data were multiplied by a fractional 
cosine window (10% at low and high k-side); the amplitude 
reduction factor S0

2 was 0.95. The structural models (also used 
for phase function computations) were obtained by DFT 
optimization at the UTPSSh/6-311+G(2df,p)83,84 level of theory 
(an effective core potential was used for Co85,86 applying 
Gaussian16.87 The COSMO solvation model was used to mimic 
the acetonitrile solvation.88 Dispersion was implemented by the 
empirical disperison correction of Grimme.89
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