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A Cr(v)-oxo complex bearing a macrocyclic TMC ligand, [CrY(TMC)(O)(OCH3)I**, was synthesized,
isolated, and characterized by various physicochemical methods, including UV-vis, ESI-MS, resonance
Raman, EPR and X-ray analysis. The reactivity of the Cr(v)-oxo complex was investigated in C-H and
O-H bond activation reactions. The reactivity of a Cr(i)-superoxo complex, [Cr"™(TMC)(O,)(CD]*,
was investigated in O-H bond activation reactions as well. By comparing reactivities of the
Cr(mm)-superoxo and Cr(v)-oxo complexes under the identical reaction conditions, we were able to
demonstrate that the Cr(ir)-superoxo complex is more reactive than the Cr(v)-oxo complex in the
activation of C-H and O-H bonds. The present results provide strong evidence that under certain
circumstances, metal-superoxo species can be an alternative oxidant for high-valent metal-oxo

complexes in oxygenation reactions.

Introduction

Dioxygen is essential in life processes, and metalloenzymes
activate dioxygen to carry out a variety of biological reactions.
Oxygen-coordinating metal intermediates, such as metal-super-
0X0, -peroxo, -hydroperoxo, and -oxo species, have been invoked
as reactive species in the catalytic oxygenation reactions.! Among
the metal-oxygen intermediates, the chemistry of high-valent
metal-oxo species has been intensively studied using biomimetic
compounds over the past several decades. For example, high-
valent iron(iv)-oxo complexes of heme and nonheme ligands
have been synthesized as chemical models of cytochrome P450
and nonheme iron enzymes, respectively, and have shown reac-
tivities oxidation reactions, including alkane
hydroxylation and olefin epoxidation.??

Metal-superoxo intermediates have also attracted much
attention recently in the communities of bioinorganic and bio-
logical chemistry, since the intermediates have been invoked as
reactive species in the C-H bond activation of substrates by
nonheme iron and copper enzymes.** In biomimetic studies,
synthetic Cu(m)-superoxo complexes have shown reactivities in
ligand oxidation and weak O-H and N-H bond activation
reactions.® Very recently, we have demonstrated that a chromium
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(um)-superoxo complex bearing a macrocyclic ligand, [Cr™(TMC)
(O)(CH]* (1) (TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacy-
clotetradecane), is capable of activating weak C-H bonds of
hydrocarbons via a hydrogen atom (H-atom) abstraction
mechanism (Scheme 1).”* More recently, an iron(ii)-superoxo
intermediate, [Fe"(TMC)(O,)]**, has been proposed as an active
oxidant that abstracts an H-atom from weak C-H bonds of
substrates, resulting in the generation of its corresponding iron
(1v)-oxo complex, [Fe"™(TMC)(O)]**.? These results suggest that
in addition to the high-valent metal-oxo species, metal-superoxo
complexes are potent oxidants capable of activating C-H (or O—
H) bonds of substrates to give oxygenated products. However, to
the best of our knowledge, reactivities of the high-valent metal-
oxo and metal-superoxo complexes have never been compared
directly in those reactions.’® We therefore decided to synthesize
a Cr(v)-oxo complex bearing a TMC ligand and compare its
reactivity with the previously reported Cr(imr)-superoxo complex,
1, in oxidation reactions (Scheme 1). Herein, we report the
synthesis, isolation, and spectroscopic and structural character-
ization of [CrY(TMC)(O)(OCH;3)** (2) and a reactivity

G

g

Il
Q\,

/
X
[CATMCY(OL)(CI* (1) [CrY(TMC)(O)(OCHa)I** (2)

Scheme 1 A schematic drawing of the structures of 1 and 2.
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comparison of the Cr(v)-oxo and Cr(1)-superoxo complexes in
C-H and O-H bond activation reactions.

Results and discussion

We first synthesized a chromium(v)-oxo complex bearing a TMC
ligand, [CrY(TMC)(O)(OCH3)** (2).M The reaction of [Cr(TMC)
(CH;CN)** with 2 equiv. of iodosylbenzene (PhIO), dissolved in
CH;0H, in CH5;CN at —10 °C produces a dark orange inter-
mediate 2 (see ESIT, Experimental Section and Fig. S1 for the
synthesis and a structure of the starting [Cr(TMC)(CH;CN)}**
complex, respectively). The intermediate persisted for several
days at —10 °C, and the greater thermal stability of 2 allowed us
to isolate crystals and use the isolated crystals in spectroscopic
and structural characterization and reactivity studies.

The UV-vis spectrum of 2 shows intense absorption bands at
353 (¢ = 4800 M~' cm™') and 446 nm (¢ = 2000 M~' cm ') and
a shoulder at ~520 nm (¢ = 550 M~' cm ') (Fig. 1a). The elec-
trospray ionization mass spectrum (ESI-MS) of 2 exhibits
a prominent signal at a mass-to-charge (m/z) ratio of 177.6
(Fig. 1b), whose mass and isotope distribution pattern corre-
spond to [Cr(TMC)(O)(OCH;)]** (calculated m/z 177.6) (Fig. 1b,
inset). When 2 was prepared with isotopically labelled PhI'*O in
the presence of H,'30, the mass peak corresponding to 2 shifted
to m/z 178.6 (Fig. 1b, inset), indicating that 2 contains an oxygen
atom in it. The X-band electron paramagnetic resonance (EPR)
spectrum of a frozen CH3CN solution of 2 exhibits a strong
signal at g = 1.98 with 41 G maximum-to-minimum separation
(Fig. 1a, inset), which is typical for Cr(v) (S = 1/2)." The reso-
nance Raman spectrum of 2, measured in CD;CN at —20 °C
with 407 nm laser excitation, exhibits an isotope-sensitive band at
907 cm~!, which shifted to 872 cm~! when 2-'%0 was generated
with isotopically labelled PhI'*O in the presence of H,'O in
CD;CN (Fig. 1c). The observed isotopic shift of —35 cm™' with
8O-substitution is in agreement with the calculated value
(Avegie = —39 cm™') for the Cr—O diatomic harmonic oscillator.
The observed Cr-O frequency at 907 cm™' is lower than those
reported in Cr-oxo complexes bearing salen (~1000 cm™',
infrared),"? porphyrin (~1025 cm™!, infrared),'* phthalocyanine
(~1041 cm™', infrared),’ and corrole (~1025 cm™', resonance
Raman).'"

Single crystals of 2 were grown from CH;CN/diethyl ether at
—30°C, and a crystallographic analysis revealed that 2-(ClOy), is
a mononuclear chromium-oxo complex in a distorted octahedral
geometry (Fig. 2; see ESIT, Tables S1 and S2). Notably, the Cr-O
bond length (1.604(3) A) of 2 is longer than those of other
Cr(1v or v)-oxo complexes (1.49-1.57 A),!a11b:1112613 which is in
line with the low Cr-O stretching vibration observed in the
resonance Raman spectrum of 2 (vide supra). As illustrated by
the space-filling representation in Fig. 2b, the oxo ligand is
nestled in a bed of H atoms from C-H bonds of the TMC ligand,
as observed in [Fe"Y(TMC)(O)(CH;CN)J**.** Further, as sug-
gested in [FeY(TMC)(O)(CH;CN)J**,* the thermal stability of 2
is due to the steric encumbrance for the access of external
substrates to the chromium-oxo moiety. All four N-methyl
groups of the TMC ligand in 2 point away from the oxo group
(Fig. 2), as observed in the [Fe"™(TMC)(O)(CH3CN)]** struc-
ture.™ Thus, the structure of 2 resembles that of the iron(1v)-oxo
analogue. Another interesting structural phenomenon is
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Fig.1 (a) UV-vis spectrum of [Cr¥(TMC)(O)(OCHj3)]** (2) in CH3CN at
25 °C. Inset shows the X-band EPR spectrum of 2 (g = 1.98) in frozen
CH;CN at 4.3 K. Instrumental parameters: microwave power = 1.007
mW, frequency = 9.646 GHz, sweep width = 0.4 T, modulation ampli-
tude = 1 mT. (b) ESI-MS of 2 in CH;CN at 25 °C. Insets show the
observed isotope distribution patterns for 2-'°O (lower) and 2-'80O
(upper). (c) Resonance Raman spectra of 2 (8 mM) obtained upon
excitation at 407 nm at —20 °C; 2-'°O (red line) and 2-'%0 (blue line) were
recorded in CD3;CN. The peaks marked with “s” are ascribed to solvent
bands.

a relatively short Cr—O2 bond length (1.765(3) A) and the line-
arity of the Cr—O2-C9 bond angle (176.7(3)°). Although metal
(M)-O-Me groups are usually bent, linear M—O-Me angles with
short M-O bond length have been observed in several metal-
alkoxide bonds with multiple-bond character, where an oxygen
atom acts as both o- and m-donors.’® Consequently, the rela-
tively long Cr-O bond of 2, compared to other Cr-oxo
complexes, results from the strongly binding methoxide ligand
trans to the Cr-oxo group.

We then compared the reactivities of the chromium(v)-oxo
and chromium(1n)-superoxo complexes in the activation of C-H
and O-H bonds. First, the reactivity of the Cr(ir)-superoxo
complex, 1, was investigated in O-H bond activation reactions;
the reactivity of 1 in C—H bond activation reactions was reported
previously.” Upon addition of 2,6-di-zert-butylphenol (DTBP) to
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Fig. 2 (a) ORTEP plot of [Cr'(TMC)(O)(OCH3)I** (2) with 30%
probability thermal ellipsoid. Hydrogen atoms are omitted for clarity. (b)
Space-filling representation of 2, derived from the single crystal structure
determination. Selected bond lengths (A) and angles (°): Cr—O1 1.604(3),
Cr-02 1.765(3), Cr—N1 2.122(2), Cr-N2 2.148(2); O1-Cr-02 178.39(13),
Cr-02-C9 176.7(3).

1 in CH3CN at —40 °C, 1 was converted to the chromium(i)-
hydroxo complex, [Cr'"™(TMC)(OH)(CD)]*,” and showed pseudo-
first-order decay as monitored by a UV-vis spectrophotometer
(see ESIf, Fig. S2a). Pseudo-first-order fitting of the kinetic data
yielded the kqps value of 9.1 x 107* s~'. The rate constant
increased proportionally with the substrate concentration,
affording a second-order rate constant, k, of 4.7 x 107! M~! s™!
at —40 °C (see ESIt, Fig. S2b). Product analysis of the resulting
solution revealed that 2,6-di-tert-butyl-1,4-benzoquinone
(DTBQ) (45 + 10%) was produced in the oxidation of DTBP, as
reported in the oxidation of DTBP by other metal-superoxo
complexes.'s

Further mechanistic studies with para-substituted 2,6-di-zert-
butylphenols (para-Y-2,6-tBu,-C¢H,OH; Y = OMe, Me, H, Br,
CN) revealed that the second-order rate constants were depen-
dent markedly on the electron-donating and -withdrawing

Table1 Data for the reactions of [Cr™(TMC)(O,)(CD]* (1) with para-Y -
2,6-1Bu,-C¢H,OH in CH;CN at —40 °C

Y oy BDE (kcal mol~')¢ ky M~'s7h) log k»
OMe -0.78 78.31 1.3 x 10° 3.11
Me -0.31 81.02 1.6 x 10 1.20
H 0 82.8 4.7 x 107! -0.33
Br 0.15 - 2.7 x 107! -0.57
CN? 0.66 84.24 4.2 x 1073 -2.38

“ Ref. 17. * Due to the low reactivity of para-CN-2,6-Bu,-C¢H,OH, the
k> value was determined at —10 °C and normalized using the Eyring
equation. The determined second-order rate constant, k,, at —10 °C
was 8.0 x 10> M~ s,

properties of the para-substitutents (Table 1).'” By plotting the
rates as a function of op* of the para-substituents, a good linear
correlation was obtained with a negative Hammett p value of
—3.8 (Fig. 3a). Further, we observed a good linear correlation
when the rates were plotted against the phenol O-H bond
dissociation energies (BDE) (Fig. 3b) and the phenol O-H redox
potentials (see ESIt, Fig. S3). Such a linear relationship in the
Hammett plot and the dependence of the rate constants on the
O-H BDE of substrates implicates an H-atom abstraction as
the rate-determining step in the oxidation of phenol O-H bonds
by 1.1

We then investigated the reactivity of 2 in C—H and O—H bond
activation with substrates such as cyclohexadiene (CHD) and
DTBP. Upon addition of the substrates to the solution of 2 in
CH;CN at —10 °C for CHD and at —40 °C for DTBP, the
intermediate remained intact under these conditions. We there-
fore carried out the reactions at a high temperature (i.e., 30 °C for
C-H bond activation and 0 °C for O-H bond activation). Upon
addition of CHD to 2 in CH;CN at 30 °C, the characteristic UV-
vis absorption bands of 2 disappeared with a first-order decay
profile (Fig. 4a), and the pseudo-first-order rate constants
increased proportionally with the concentration of CHD (k, =
1.0 x 1072 M~! s7! at 30 °C) (Fig. 4b). Product analysis of the
resulting solution revealed the formation of benzene (90 + 10%)
as a product, as observed in the oxidation of CHD by metal-oxo
and metal-superoxo complexes.”*®*! In addition, [Cr"™(TMC)
(OH)(CH;CN)P** was found in the reaction solutions as
a decomposed product of 2 (see ESIf, Fig. S4 for ESI-MS
analysis). By comparing the second-order rate constants of 1
(ko = 1.7 x 107" M s at =10 °C)” and 2 (k, = 1.0 x
102 M~!' ¢! at 30 °C) in the CHD oxidation reaction, the
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Fig. 3 (a) Hammett plot for the oxidation of para-substituted 2,6-di-
tert-butylphenols, p-Y-2,6-1Bu,-CcH,OH (Y = OMe, Me, H, Br, CN), by
[Cr"(TMC)(O,)(CD]* (1) (2 mM) in CH3CN at —40 °C. (b) Plot of log k»
of 1 against O-H bond dissociation energy (BDE) of para-Y-2,6-tBu,-
CgH,OH in CH;CN at —40 °C.
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Fig.4 Reaction of [Cr¥(TMC)(O)(OCHj3)]** (2) with 1,4-cyclohexadiene
(CHD) in CH3CN at 30 °C. (a) UV-vis spectral changes of 2 (2 mM) upon
addition of 400 equiv. of CHD (0.2 cm path quartz cell). Inset shows the
time course of the absorbance at 446 nm. (b) Plot of ks against CHD
concentration to determine a second-order rate constant.

reactivity of the Cr(mm)-superoxo species (1) is much greater than
that of the Cr(v)-oxo species (2) in C-H bond activation reac-
tions. In the O—H bond activation reactions, rate constants in the
reactions of 2 and DTBP were not able to be determined due to
the low reactivity. Alternatively, we were able to follow the
kinetics of the reaction of 2 with para-MeO-2,6-di-tert-butyl-
phenol (p-MeO-DTBP). Upon addition of p-MeO-DTBP to 2 in
CH;CN at 0 °C, the pseudo-first-order rate constants increased
proportionally with the concentration of p-MeO-DTBP (k, =
2.3 x 1072 M~! s7!) (Fig. 5). Product analysis of the resulting
solution revealed that DTBQ (90 £+ 10%) was produced as

40
- 30+ —40°C
7]
.g 204
*O
10+
0°C
0- @ ®  —
T T T T T T ;
0.00 0.04 0.08 0.12

p-OMe-DTBP /M

Fig. 5 Kinetic studies of the reactions of [Cr"(TMC)(O,)(CD]" (1) and
[CrY(TMC)(O)(OCH;))** (2) with para-MeO-2,6-tBu,-C¢H,OH (p-MeO-
DTBP). Plots of k., against the concentration of p-MeO-DTBP to
determine second-order rate constants for the reactions of 1 at —40 °C
(red line with A) and 2 at 0 °C (blue line with @) in CH;CN.

a product.'® Then, [Cr"(TMC)(OH)(CH;CN)]** was found in
the reaction solutions as a decomposed product of 2. By
comparing the kinetic data of 1 (k, = 1.3 x 10> M~ s7! at
—40°C)and 2 (k, = 2.3 x 102M~' s " at 0 °C) in the p-MeO-
DTBP oxidation reaction (Table 1 and Fig. 5), the reactivity of
the Cr(1m)-superoxo species (1) is much greater than that of the
Cr(v)-oxo species (2) in O-H bond activation reactions.
Although the present results demonstrate clearly that 1 is a much
stronger oxidant than 2, we should also mention that the low
reactivity of 2 might result from the steric encumbrance for the
access of external substrates to the chromium-oxo moiety (vide
supra). That is, the access of substrates toward the oxo group of 2
is much more difficult than for the case of the superoxo group of
1, as shown in the space-filling models of 1 and 2 (see ESIf,
Fig. S5). Together with the steric effect, a strong binding of
methoxide to Cr(v) may decrease the electrophilicity of the Cr
(v)=0 moiety in the C-H and O-H bond activation reactions,
which is an axial ligand effect as reported in the C-H bond
activation and oxo-transfer reactions by heme and nonheme
metal-oxo complexes.?®

Conclusions

We have shown the synthesis, isolation, and spectroscopic and
structural characterization of a new Cr(v)-oxo complex bearing
a macrocyclic TMC ligand. The reactivity of the intermediate
was investigated in C—H and O-H bond activation reactions. By
comparing the reactivities of the Cr(ir)-superoxo and Cr(v)-oxo
complexes under the identical reaction conditions, we were able
to demonstrate that the Cr(u)-superoxo complex is more reac-
tive than the Cr(v)-oxo analogue in the activation of C-H and O—
H bonds. The present work, therefore, provides the first direct
reactivity comparison of metal-superoxo and high-valent metal-
oxo species that have been frequently invoked as key interme-
diates in the catalytic cycles of nonheme iron and copper
enzymes. Finally, the present results lead us to propose that
under certain circumstances, metal-superoxo species can be
viable and alternative oxidants for high-valent metal-oxo
complexes in oxygenation reactions.

Experimental section
Synthesis of [Cr(TMC)(CH3CN)|(ClOy),

[Cr(TMO)(CDHJ(CI)-2CH3CN (0.092 g, 0.2 mmol) was dissolved
in CH;CN (3 mL), to which was added NaClO, (0.098 g,
0.8 mmol). The reaction solution was allowed to stand for a few
days under N,. After slow diffusion of diethyl ether to the
resulting solution, blue crystals suitable for X-ray analysis were
isolated (see ESIf, Fig. S1). Crystalline yield: 0.067 g (61%).
UV-vis (CH3CN): Apax (6) = 659 nm (80 M~' cm ™).

Synthesis of [Cr(TMC)(0O)(OCH3)[(C104), (2-(C104),)

Treatment of [Cr(TMC)(CH3;CN)](ClOy,), (8.8 mg, 0.016 mmol)
in CH3CN (1 mL) with 2 equiv. PhIO in CH;0H (200 pL) at
—30 °C afforded the formation of a dark orange solution. Slow
diffusion of diethyl ether to the resulting solution afforded dark
orange crystals suitable for X-ray analysis. Crystalline yield:
0.0059 g (56%). Spectroscopic data, including UV-vis, EPR,
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ESI-MS, and resonance Raman, were reported in Fig. 1. [Cr
(TMC)(**O)(OCH3)I** (2-'*0) was prepared by adding 2 equiv.
PhIO, dissolved in CH30OH (200 pL) in the presence of H,'%O
(10 uL), to a solution containing [Cr(TMC)(CH3;CN)](ClOy4),
(8.8 mg, 0.016 mmol) in CH5CN (1 mL) at —30 °C.

Reactivity studies

All reactions were run monitoring UV-vis spectral changes of
reaction solutions, and rate constants were determined by fitting
the changes in absorbance at 549 nm for 1 and 446 nm for 2.
Reactions were run at least in triplicate, and the data reported
represent the average of these reactions. Complex 1 was prepared
by reacting [Cr(TMC)(Cl)]* with excess of O, at —40 °C and used
directly in reactivity studies, such as the oxidation of para-
substituted 2,6-di-tert-butylphenols (para-Y-2,6-tBu,-CsH,OH;
Y = OMe, Me, H, Br, CN) under stoichiometric conditions in
CHj;CN at the given temperature. The isolated crystalline sample
of 2 was used in kinetic studies, such as the oxidation of CHD
under stoichiometric conditions in CH3CN at 30 °C. For the
stopped-flow experiments, all reaction traces were collected at
549 nm, using a 1 cm optical path length at —40 °C. The raw
kinetic data were treated with KinetAsyst 3 (Hi-Tech Scientific)
and Specfit/32 Global Analysis System software from Spectrum
Software Associates. The purity of substrates was checked with
GC and GC-MS prior to use. Products were analyzed by
injecting the reaction mixture directly into GC and GC-MS.
Products were identified by comparing with authentic samples,
and product yields were determined by comparison against
standard curves prepared with authentic samples and using
decane as an internal standard.

X-ray crystallography

Crystal data for 2-(C104)2I C15H35C12CYN40]0, orthorhombic,
Prnma, Z = 4, a = 14.2150(4) A, b = 9.7664(3) A, ¢ = 16.4588(5)
A, V'=2284.96(12) A>, u = 0.794 mm ', p. = 1.611 gem >, R, =
0.0486, wR, = 0.2095 for 2378 unique reflections, 166 variables.
CCDC reference number 812941.
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