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ABSTRACT: The mechanism of the C−H bond activation of hydro-
carbons by a nonheme chromium(IV) oxo complex bearing an N-
methylated tetraazamacrocyclic cyclam (TMC) ligand, [CrIV(O)(TMC)-
(Cl)]+ (2), has been investigated experimentally and theoretically. In
experimental studies, reaction rates of 2 with substrates having weak C−H
bonds were found to depend on the concentration and bond dissociation
energies of the substrates. A large kinetic isotope effect value of 60 was
determined in the oxidation of dihydroanthracene (DHA) and deuterated
DHA by 2. These results led us to propose that the C−H bond activation
reaction occurs via a H-atom abstraction mechanism, in which H-atom
abstraction of substrates by 2 is the rate-determining step. In addition,
formation of a chromium(III) hydroxo complex, [CrIII(OH)(TMC)(Cl)]+

(3), was observed as a decomposed product of 2 in the C−H bond
activation reaction. The CrIIIOH product was characterized unambiguously with various spectroscopic methods and X-ray
crystallography. Density functional theory (DFT) calculations support the experimental observations that the C−H bond
activation by 2 does not occur via the conventional H-atom-abstraction/oxygen-rebound mechanism and that 3 is the product
formed in this C−H bond activation reaction. DFT calculations also propose that 2 may have some CrIIIO•− character. The
oxidizing power of 2 was then compared with that of a chromium(III) superoxo complex bearing the identical TMC ligand,
[CrIII(O2)(TMC)(Cl)]+ (1), in the C−H bond activation reaction. By performing reactions of 1 and 2 with substrates under
identical conditions, we were able to demonstrate that the reactivity of 2 is slightly greater than that of 1. DFT calculations again
support this experimental observation, showing that the rate-limiting barrier for the reaction with 2 is slightly lower than that of
1.

■ INTRODUCTION

The C−H bond activation of hydrocarbons by metal-bound
active oxygen species, such as superoxo, peroxo, hydroperoxo,
and oxo, is one of the most important subjects in bioinorganic
and oxidation chemistry.1,2 Among the metal-active oxygen
species, high-valent metal oxo intermediates have attracted
particular attention as reactive species in the C−H bond
activation reactions by enzymes and synthetic catalysts. For
instance, high-valent iron(IV) oxo intermediates in heme and
nonheme iron enzymes and their models have been intensively
investigated to elucidate mechanism(s) of the C−H bond
activation by the iron oxo oxidants.2−4 In heme enzymes such
as cytochrome P450 and iron porphyrin models, the C−H
bond activation by iron(IV) oxo porphyrin π-cation radicals,
(Porp•+)FeIVO (Cpd I), occurs via a rate-determining H-
atom abstraction step (Scheme 1A, pathway a), followed by an
oxygen-rebound step between the resulting (Porp)FeIVOH and
substrate radical species (Scheme 1A, pathway b).5 This
oxygen-rebound mechanism has been supported strongly in
both experiments and theoretical calculations.6,7 In nonheme
iron and manganese models, it has been shown very recently

that there is an alternative to the oxygen-rebound mechanism in
the C−H bond activation by nonheme iron(IV) oxo and
manganese(IV) oxo complexes.8 That is, the dissociation of the
substrate radical (Scheme 1B, pathway c), which is formed by
H-atom abstraction by the nonheme iron(IV) oxo and
manganese(IV) oxo complexes (Scheme 1B, pathway a), is
more favorable than the oxygen-rebound process (Scheme 1B,
pathway b). Thus, the latter result casts doubt that the C−H
bond activation by high-valent metal oxo species occurs
invariably via the conventional H-atom-abstraction/oxygen-
rebound mechanism (Scheme 1).
Much attention has recently been focused on the reactivities

of metal superoxo species because the intermediates are
postulated to be involved as reactive species in the C−H
bond activation reactions by copper enzymes (e.g., peptidyl-
glycine-α-amidating monooxygenase and dopamine β-mono-
oxygenase)9 and nonheme iron enzymes (e.g., isopenicillin N
synthase, myo-inositol oxygenase, and 2-hydroxyethyl phospho-
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nate dioxygenase).10 In biomimetic studies, it has been shown
that synthetic copper(II) superoxo complexes are capable of
performing C−H bond functionalization of a supporting ligand
and weak O−H and N−H bond activation of external
substrates.11 In nonheme iron models, although iron(III)
superoxo intermediates have been proposed as active oxidants
in the course of O2 activation, no direct evidence for the
iron(III) superoxo species participating in the C−H bond
activation of hydrocarbons has been obtained yet, probably
because of the nature of its instability and short lifetime.12 The
lack of direct evidence for the heme and nonheme iron(III)
superoxo species in experiments was complemented by density
functional theory (DFT) calculations, in which the nonheme
iron(III) superoxo species is shown to be an electrophilic
oxidant in H-atom-abstraction reactions, whereas the heme
iron(III) superoxo species is a sluggish oxidant in oxidation
reactions.13−15 In addition, a comparison of the oxidizing power
of heme and nonheme iron(IV) oxo and iron(III) superoxo
intermediates in the C−H bond activation reactions has been
another topic that could be addressed in the computational
studies.13

Very recently, a chromium(III) superoxo complex bearing an
N-methylated tetraazamacrocyclic ligand, [CrIII(O2)(TMC)-
(Cl)]+ (1, where TMC = 1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane; Chart 1), was successfully synthesized

by reacting a chromium(II) precursor with O2.
16a The

intermediate 1 was thermally stable so that we were able to
isolate and use it directly in spectroscopic and structural
characterization as well as in reactivity studies. For example, it
has been shown that 1 is capable of conducting electrophilic
oxidative reactions, such as the activation of weak C−H bonds

of hydrocarbons and the O-atom transfer (OAT) to substrates
(e.g., the oxidation of phosphine and sulfides).16 In the latter
reaction, a high-valent chromium(IV) oxo complex, [CrIV(O)-
(TMC)(Cl)]+ (2; Chart 1), was successfully isolated as a
product and characterized with various spectroscopic methods
and X-ray crystallography.16b

As part of our ongoing efforts to understand the mechanism
of the C−H bond activation by nonheme metal oxo complexes,
we now report for the first time a combined experimental and
computational study on the mechanism of the C−H bond
activation of hydrocarbons by a nonheme chromium(IV) oxo
complex and the direct reactivity comparison of the chromium-
(III) superoxo and chromium(IV) oxo complexes bearing a
common supporting ligand in C−H bond activation reactions
carried out under identical conditions.

■ RESULTS AND DISCUSSION
Experimental Studies on the C−H Bond Activation by

Chromium(IV) Oxo and Chromium(III) Superoxo Com-
plexes. The chromium(IV) oxo complex 2 was prepared by
reacting its corresponding chromium(III) superoxo complex, 1,
with 1 equiv of PPh3.

16b The intermediate 2 was stable enough
to be used in reactivity studies under stoichiometric conditions
(e.g., t1/2 of ∼40 min at −10 °C).17 Upon the addition of
cyclohexadiene (CHD) to the solution of 2 in CH3CN at −10
°C, the characteristic UV−vis absorption bands of 2
disappeared with a pseudo-first-order decay profile (Figure
1a), and product analysis of the reaction solution revealed that
benzene (43 ± 2% based on 2) was produced as a sole product
in the oxidation of CHD (see the Experimental Section). Clean
isosbestic points were observed at 527, 574, 615, and 755 nm in
this reaction (Figure 1a). A pseudo-first-order fitting of the

Scheme 1. Proposed Mechanisms of C−H Bond Activation

Chart 1

Figure 1. (a) UV−vis spectral changes of 2 (2 mM) upon the addition
of CHD (20 equiv to 2, 40 mM) in CH3CN at −10 °C. Inset: time
course of the decay of 2 monitored at 603 nm. (b) Plot of k2 against 1/
T to determine the activation parameters for the reactions of CHD
with 1 (blue ■) and 2 (red ●).
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kinetic data gave a kobs value of 3.8 × 10−3 s−1. The rate
constant increased linearly with an increase of the CHD
concentration, affording a second-order rate constant (k2) of
9.6 × 10−2 M−1 s−1 at −10 °C (Figure 2a). The reaction rate

was dependent on the reaction temperature, and a linear Eyring
plot was obtained in the range of 243−273 K with activation
parameters of ΔH⧧ = 3.5 kcal mol−1 and ΔS⧧ = −49.5 cal mol−1
K−1 (Figure 1b, red line).
In order to gain mechanistic insight into the C−H bond

activation by 2, we carried out the reaction of 2 with other
substrates having weak C−H bond dissociation energies
(BDEs), such as xanthene (75.5 kcal mol−1) and 9,10-
dihydroanthracene (DHA; 77 kcal mol−1) along with CHD
(78 kcal mol−1),18 from which second-order rate constants were
determined [Figure 2a; Supporting Information (SI), Table
S1]. Product analysis of the reaction solutions revealed that
xanthone (45 ± 5% based on 2) and anthracene (42 ± 2%
based on 2) were produced in the oxidation of xanthene and
DHA, respectively. The rate constants decreased with an
increase of the C−H BDEs of the substrates, giving a linear
correlation with the C−H BDE values of the substrates (Figure
2b). We also observed a large deuterium kinetic isotope effect
(KIE) value of 60(6) in the oxidation of DHA and DHA-d4 by

2 (see the data with blue and orange colors in Figure 2a). Such
a large KIE value suggests a tunneling behavior in the H-atom-
abstraction reaction, as is frequently observed in H-atom-
abstraction reactions by iron(IV) oxo intermediates of
nonheme iron enzymes and models.19 It is worth noting that
1 also gave a high KIE value (∼50) in the C−H bond activation
of DHA.16a On the basis of the observations of the linear
correlation between the reaction rates and BDEs of the
substrates and the large KIE value, we propose that the C−H
bond activation by 2 occurs via a H-atom-abstraction
mechanism and that the H-atom abstraction is the rate-
determining step, as observed in other metal oxo reac-
tions.8,19,20

By analysis of the reaction solution of 2 and CHD with cold
spray ionization time-of-flight mass spectrometry (CSI-TOF
MS), we found that a chromium(III) hydroxo complex, 3, was
formed as a decomposed product of 2 in the C−H bond
activation reaction (Figure 3a). We also found an O atom in the

OH group of the CrIIIOH product derived from the oxo group
in 2 by carrying out an 18O isotope labeling experiment with
[CrIV(18O)(TMC)(Cl)]+ (2-18O; Figure 3a, upper inset). The
X-ray crystal structure of 3-Cl·CH3CN·H2O revealed that the
hydroxide ligand coordinates to the chromium center, affording
a distorted octahedral geometry with a Cr−O bond distance of
1.8630(12) Å (Figure 3b; SI, Tables S2 and S3). On the basis
of the structural and spectroscopic characterization of 3, we
were able to conclude unambiguously that a CrIIIOH complex
is the product formed in the C−H bond activation of

Figure 2. Reaction of 2 with external substrates in CH3CN at −10 °C.
(a) Plots of kobs of 2 against the concentration of xanthene (red ●, k2
= 8.6 × 10−1 M−1 s−1), DHA (blue ▲, k2 = 2.1 × 10−1 M−1 s−1), DHA-
d4 (orange ▼, k2 = 3.5 × 10−3 M−1 s−1), and CHD (black ■, k2 = 9.6
× 10−2 M−1 s−1) to determine second-order rate constants. A plot of
kobs of 1 against the concentration of CHD (green ◆, k2 = 2.7 × 10−2

M−1 s−1) under the same reaction condition has also been added. (b)
Plot of log keff of 2 against C−H BDEs of xanthene, DHA, and CHD,
showing a correlation of the reaction rates with the BDEs of the
substrates. The k2 values are adjusted for reaction stoichiometry to
yield keff based on the number of equivalent target C−H bonds of the
substrates.

Figure 3. (a) CSI-TOF MS showing the formation of 3 in the reaction
of 2 and CHD in CH3CN at −10 °C. Insets: observed isotope
distribution patterns for [CrIII(16OH)(TMC)(Cl)]+ at m/z 360.2 and
[CrIII(18OH)(TMC)(Cl)]+ at m/z 362.2. (b) ORTEP plot of 3 with a
30% probability thermal ellipsoid. All H atoms except H1 are omitted
for clarity. The hydroxyl proton was found in the Fourier difference
map. Selected bond lengths (Å) and angles (deg): Cr−O1 1.8630(12),
Cr−N1 2.1316(13), Cr−N2 2.1607 (13), Cr−N3 2.1746(14), Cr−N4
2.1477(13), Cr−Cl2 2.3731(4); O1−Cr−Cl2 173.50(4).
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hydrocarbons by a nonheme chromium(IV) oxo complex.21

We have shown previously that FeIIIOH and MnIIIOH are the
products formed in the C−H bond activation of hydrocarbons
by nonheme iron(IV) oxo and manganese(IV) oxo complexes,
respectively.8 On the basis of the present results, we propose
that the C−H bond activation by the CrIVO complex does not
occur via an oxygen-rebound mechanism (Scheme 1B, pathway
b). Instead, dissociation of the substrate radical is more
favorable than the oxygen-rebound process (Scheme 1B,
pathway c), giving the CrIIIOH complex product.22 A similar
mechanism was proposed in the C−H bond activation of
hydrocarbons by nonheme iron(IV) oxo and manganese(IV)
oxo complexes.8

We then compared the reactivities of the chromium(III)
superoxo (1) and chromium(IV) oxo (2) complexes in the C−
H bond activation of hydrocarbons under identical reaction
conditions (e.g., in CH3CN and at −10 °C). In these reactions,
2 showed a slightly greater reactivity, compared to that of 1 (SI,
Table S1).23 For example, in the CHD oxidation, 2 (k2 = 9.6 ×
10−2 M−1 s−1) was 3.6 times more reactive than 1 (k2 = 2.7 ×
10−2 M−1 s−1; Figure 2a, black and green lines; also compare
the data in the SI, Table S1). A linear Eyring plot, obtained in
the range of 243−273 K for the reaction of 1 and CHD,
afforded activation parameters of ΔH⧧ = 7.1 kcal mol−1 and
ΔS⧧ = −38.2 cal mol−1 K−1 (Figure 1b). The ΔΔG value of 0.6
kcal mol−1, which was calculated from the activation parameters
of 1 and 2, supports the greater reactivity of 2 in the C−H
bond activation reaction (see the SI, Table S4; vide infra). As
observed in the reaction of 2, 3 was the product formed in the
C−H bond activation of hydrocarbons by 1.16a We propose
that the formation of 3 occurs via the formation of an
intermediate 2 in the C−H bond activation by 1. Because the
reactivity of 2 is greater than that of 1, 2 is not detected in this
reaction. Finally, it is worth noting that a chromium(V) oxo
complex bearing the same TMC ligand showed a much lower
reactivity than both 1 and 2 in the C−H bond activation
reactions, although the axial ligand of the chromium(V) oxo
complex was different from that of 1 and 2 [e.g., methoxide for
chromium(V) oxo vs chloride for 1 and 2].24

Theoretical Calculations on the C−H Bond Activation
by Chromium(IV) Oxo and Chromium(III) Superoxo
Complexes. The reactivities of 1 and 2 in the C−H activation
reaction were investigated with DFT as well. CHD was used as
a substrate in both cases. The calculated transition-state (TS)
structures of 1 and 2 in the initial C−H bond activation
reactions are shown in Figure 4. Spin contamination issues have
been reviewed for both 1 and 2, which are presented in the SI.
The optimized geometry of 1 without the substrate shows a

root-mean-square deviation (RMSD) of 0.28 Å compared to
the crystal structure, indicating a fair agreement with experi-
ments. The ground state of 1 was calculated to be S = 1, which
is also in agreement with experiments.25 The orbitals involved
in this structure are reminiscent of what has been described
earlier for iron(III) superoxo species.13c Figure 5 shows a
schematic diagram of the valence orbitals involved and their
occupations, where the z axis denotes the Cr−O bond direction
and the x axis denotes the projected direction of the O−O
bond that is perpendicular to the z axis. The simplest way to
analyze the orbitals is to consider the structure as a binding
between S = 2 of CrII and S = 1 of O2. The five valence orbitals
(here denoted as dxy, dxz, dyz, σ*z2, and σ*xy in 1) are usually the
ones considered active. In CrII, dxy, dxz, dyz, and σ*z2 are singly
occupied, whereas σ*xy is unoccupied. From the O2 side, the

π*z and π*y orbitals of the triplet oxygen are each singly
occupied by β electrons. Upon complexation, the orbitals from
both sides mix with each other (dyz with π*y and dz2 with π*z).
We find that dyz with π*y mixing is weak in the S = 1 state of 1.
A complete pairing of the α electron in dyz with the β electron
in π*y is not seen because the superoxo moiety has a spin-
density distribution of −0.97 (SI, Table S9). Therefore, this
“pairing” is more correctly described as an antiferromagnetic
pairing rather than orbital mixing. However, this antiferromag-
netic coupling is not negligible, as is shown by the energy of its
ferromagnetic counterpart (S = 2), which is 5.3 kcal mol−1

higher in energy. In contrast, the dz2 and π*z mixing creates two
new orbitals (σxz and σ*xz in Figure 5), where electron pairing
occurs in the bonding σxz orbital. This bonding orbital has 49%
contribution from the O2 moiety and 32% from the Cr d
orbital, with the rest coming from the TMC and Cl ligands.
Therefore, 1 is from a strict electron spatial distribution point
of view more correctly described as a CrIIO2 moiety, which
happens to have an unpaired electron count that matches that
of the chromium(III) superoxo species. Mulliken spin-density
distribution indeed shows about 3.3 in α spin on Cr (SI, Table
S9), seemingly implicating a high-spin CrIII antiferromagneti-
cally coupled to a superoxo species. Hence, the exact oxidation
state of the metal depends on the point of view. We follow in

Figure 4. TS structures of (a) 1 and (b) 2 performing C−H
abstraction reactions in the S = 1 spin state. Selected bond lengths are
given in angstroms.

Figure 5. Five valence orbitals dxy, dxz, dyz, σ*z2, and σ*xy from the
(Cl)CrII(TMC) moiety (left) and the two O2 orbitals π*y and π*z
(right). In the [CrIII(OOH)(TMC)(Cl)]+ complex, the σ*z2 and π*z
orbitals (in gray) mix to form two new σ-type bonding (σxz) and
antibonding (σ*xz) orbitals, where the former one becomes doubly
occupied. The dyz and π*y orbitals also mix in a similar fashion, but this
mixing is weak and is therefore best described as an antiferromagnetic
coupling rather than an orbital mixing and pairing.
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this paper the latter convention because of its relevance to
spectroscopical assignments.
The C−H bond activation by 1 was investigated in three spin

states (S = 0, 1, and 2). The S = 0 state was found to have high
energies throughout the reaction and was ruled out (see the SI,
Table S7). The calculated electronic energy barrier for the
reaction for S = 1 was 17.5 kcal mol−1. The S = 2 state, while
not ruled out, has a higher TS at 18.7 kcal mol−1. Electronic
energy barriers in this range are expected to be close to the
experimental free-energy values,26 and indeed the experimen-
tally measured activation barrier is 17.2 kcal mol−1 at −10 °C
(SI, Table S4). This reaction is slightly exergonic (−2.7 kcal
mol−1), forming a [CrIII(OOH)(TMC)(Cl)]+ species that can
react further to form intermediate 2. At this intermediate stage,
the electron abstracted from the substrate resides in the π*y
orbital. The orbital occupation of the Cr side remains the same,
implicating an S = 3/2 chromium(III) hydroperoxo character.
Including the substrate spin, the S = 1 structure differs from the
S = 2 state only by the spin direction on the now-formed
substrate radical. This is also seen by the degenerate energies of
these states (−2.6 kcal mol−1 for both).
For 2, the calculated ground-state spin is also S = 1 (see the

SI, Table S6), in agreement with experiments.16b Comparing
the calculated structure to the crystal one, the obtained RMSD
is 0.26 Å. Interestingly, Mulliken spin-density distribution
shows spins on Cr and O of 2.71 and −0.46, respectively (SI,
Table S10). We can explain this spin polarization by orbital
mixing here as well. The starting point is to consider the CrO
complex as a mix of CrIII and O•−. Figure 6 (red) shows that, in

this configuration, there are three unpaired α electrons on the
Cr side (dxz, dyz, and dxy) and one unpaired β electron on the
oxo side (px). The expected spin-density distributions in this
case on Cr and O are 3 and −1, respectively. Upon orbital
mixing, dxz mixes with px to form the bonding and antibonding
orbital pair denoted as πxz and π*xz, respectively. Similarly, πyz,
π*yz, σz2, and σ*z2 are formed by mixing the other orbitals

(Figure 6, gray arrows). If the mixing is complete, each of these
orbitals will have 50% contribution from both Cr and O (Figure
6, blue). In this case, the unpaired electron count gives that the
expected spin-density distribution would be 1.5 on Cr and 0.5
on O. Our calculated spin-density values fall between these
extreme points (pure CrIIIO•− and pure CrIVO). Hence, the
calculations seem to suggest that the supposedly CrIVO species,
in fact, has some CrIIIO•− character mixed into it. Extensive
investigation into whether these are calculation artifacts (so-
called spin contamination) has been detailed in the SI. The
result of this investigation is that this inclusion of some CrIIIO•−

character is more consistent with the crystal structure than pure
CrIVO. Also, this is reminiscent of calculations on any FeIVO
species (supposedly 3/0 in spin density on Fe/O), which is
widely known to give spin-density distribution more consistent
with FeIIIO•− (i.e., 2/1).26 However, the exact nature of this
compound is immaterial to our conclusions below even though
it remains to be conclusively experimentally determined. The
orbital discussion below is therefore based on the simplified
CrIVO view, where the orbital mixings are complete.
Upon C−H bond activation by 2, one α electron is

transferred from the substrate to the empty π*xz orbital
together with the proton. The CrIIIOH moiety is most stable at
the S = 3/2 state, coupled to a β spin on the substrate (in total S
= 1). Also, like in the case of 1, the reactivity on the S = 0 state
(leading to S = 1/2 Cr

IIIOH coupled to a β-spin substrate) is
ruled out because of the high energies (see the SI, Table S8).
The initial C−H bond activation on the S = 1 state occurs over
a barrier of 15.8 kcal mol−1, close to the experimental value of
16.6 kcal mol−1. Thus, 2 is calculated to have a lower barrier
than 1 (Figure 7), and the calculations are in agreement with

experiments showing a greater reactivity for 2 (vide supra). The
reaction ends in a stable intermediate 3 (RMSD = 0.18 Å to the
crystal structure, with the only significant difference being the
O−H direction).
For the ensuing steps after this initial C−H bond activation

by 2, one can envision four scenarios in the cage (i.e.,
[(L)MIIIOH•CR3]

‡ in Scheme 1B):8 (1) a rebound step where
3 returns its OH to the CHD radical to form a hydroxylated
product (Scheme 1B, pathway b), (2) further abstraction of a H
atom from the substrate radical by 3 to form water and benzene
(i.e., desaturation), (3) simply a dissociation of the substrate
radical to react with a second catalyst 2 (Scheme 1B, pathways

Figure 6. Valence orbitals of 2 such as CrIIIO•− (red) or CrIVO (blue)
for the S = 1 state. The dz2 orbital of Cr can mix with the pz orbital of
O to form the bonding and antibonding pair of orbitals σz2 and σ*z2
(gray). Similarly, dxz mixes with px to form πxz/π*xz and dyz mixes with
py to form πyz/π*yz. Depending on how well these orbitals from Cr and
O mix with each other, the CrO compound can be characterized as
anything between pure CrIIIO•− (no mixing) to CrIVO (evenly mixed).

Figure 7. Comparison of the rate-limiting barriers in the C−H
activation reactions of CHD by 1 (red) versus 2 (green).
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c and d), or (4) a substrate spin flip to obtain an overall S = 2
spin state that has a lower desaturation barrier. As noted earlier
in the similar MnIIIOH case,8c a spin flip for an organic radical
is likely a relatively slow process27 compared to other options
available, especially dissociation (vide infra). Hence, we do not
consider the fourth option feasible for this reaction as whole.
The three remaining pathways are depicted in Figure 8. We

have shown earlier that, in C−H bond activation reactions by
both nonheme FeIVO and MnIVO species, the third option is
preferable,8b,c which can be experimentally verified by detecting
MnIII/FeIII products instead of MnII/FeII products, with a
substrate product yield of 50% relative to the catalyst. Our
calculated barrier values for the rebound (49.3 kcal mol−1

relative to the intermediate), desaturation (26.4 kcal mol−1),
and dissociation (0.03 kcal mol−1) reactions confirm that the
substrate radical dissociation from the cage is a preferred
pathway in the case of CrIVO as well. The relatively high
barriers for the rebound and desaturation reactions reflect the
lack of driving force in these reactions. The desaturation
reaction is only 9.4 kcal mol−1 exergonic (in the S = 1 spin
state), and the rebound process is even endergonic by 21.1 kcal
mol−1. While these values (and TSs; see the SI, Table S8) are
considerably lower in the S = 2 state because of favorable
exchange interactions between the unpaired spins,28 as
mentioned earlier, spin flip to the S = 2 state should still not
be able to compete with dissociation. These results are all in
agreement with the results discussed in the Experimental
Section, such as the observation of CrIIIOH as the metal
product together with 45% organic product (vide supra).

■ CONCLUSIONS
Mechanistic studies of the C−H bond activation of hydro-
carbons by nonheme chromium(III) superoxo and chromium-
(IV) oxo complexes bearing a common supporting ligand, 1
and 2,16 were performed under stoichiometric conditions. In
the C−H bond activation by the chromium(IV) oxo complex,
we have shown that the C−H bond activation reaction occurs
via a H-atom-abstraction mechanism. We have also demon-
strated that the C−H bond activation does not occur via the
conventional H-atom-abstraction/oxygen-rebound mecha-
nism.5−7 Instead, dissociation of the substrate radical formed
via H-atom abstraction from the substrate is more favorable

than the oxygen-rebound process, as we have shown in both
nonheme iron(IV) oxo and manganese(IV) oxo reactions.8

These results are supported by DFT calculations, showing that
the energy barrier of the substrate radical dissociation is much
lower than those of the oxygen-rebound and desaturation
processes.
We have also shown that the reactivity patterns of the

nonheme chromium(III) superoxo and chromium(IV) oxo
complexes are similar in the C−H bond activation reactions.
For example, the H-atom abstractions by the chromium(III)
superoxo and chromium(IV) oxo complexes are the rate-
determining steps, and large KIE values were obtained in these
reactions. By comparing their reactivities under identical
reaction conditions, the reactivity of the chromium(IV) oxo
complex was found to be slightly greater than that of the
chromium(III) superoxo complex in the C−H bond activation
reactions. Theoretical calculations have shown that the energy
difference between the TSs for the C−H bond activation
reactions of CHD by the chromium(III) superoxo and
chromium(IV) oxo complexes is 1.7 kcal mol−1, which is in
reasonable agreement with the experimental result (0.6 kcal
mol−1). In addition, the calculations show that the chromium-
(IV) oxo species may have some CrIIIO•− character mixed,
although future verifications are needed through experiments
and accurate ab initio calculations. Finally, the present results
provide clues that may help us understand the role(s) of the
metal oxo and metal superoxo intermediates involved in C−H
bond activation reactions by nonheme iron and copper
enzymes.9,10

■ EXPERIMENTAL SECTION
Materials. All chemicals obtained from Aldrich Chemical Co. were

the best available purity and used without further purification unless
otherwise indicated. Solvents were dried according to published
procedures and distilled under argon prior to use.29 18O2 (98%

18O-
enriched) was purchased from ICON Services Inc. (Summit, NJ). The
deuterated substrate, DHA-d4, was prepared by taking DHA (0.5 g, 2.7
mmol) in DMSO-d6 (3 mL) along with NaH (0.2 g, 8.1 mmol) under
an inert atmosphere.30 After the deep-red solution was stirred at room
temperature for 8 h, the reaction was quenched with D2O (5 mL). The
crude product was filtered and washed with copious amounts of H2O.
1H NMR confirmed the >99% deuteration of DHA-d4. 1-Cl·
(CH3CN)2 and 2-Cl·CH3CN·H2O were prepared according to
literature methods.16

Physical Methods. UV−vis spectra were recorded on a Hewlett-
Packard 8453 diode-array spectrophotometer equipped with a
UNISOKU Scientific Instrument for low-temperature experiments.
Cold spray ionization time-of-flight mass spectrometry (CSI-TOF
MS) spectra were collected on a JMS-T100CS (JEOL) mass
spectrometer equipped with a CSI source. Typical measurement
conditions are as follows: needle voltage, 2.2 kV; orifice 1 current, 50−
500 nA; orifice 1 voltage, 0−20 V; ring lens voltage. 10 V; ion source
temperature, 5 °C; spray temperature, −30 °C. The CSI-TOF MS of 3
was observed by directly infusing the reaction solution into the ion
source through a precooled tube under high air gas pressure. Product
analysis was performed with an Agilent Technologies 6890N gas
chromatograph and a Thermo Finnigan (Austin, TX) FOCUS DSQ
(dual-stage quadrupole) mass spectrometer interfaced with a Finnigan
FOCUS gas chromatograph (GC−MS). 1H NMR spectra were
measured with a Bruker DPX-400 spectrometer. The effective
magnetic moments were determined using the modified 1H NMR
method of Evans at −10 °C.31 A WILMAD coaxial insert (sealed
capillary) tubes containing the blank acetonitrile-d3 solvent (with 1.0%
tetramethylsilane, TMS) only was inserted into the normal NMR
tubes containing the complexes (8 mM) dissolved in acetonitrile-d3
(with 0.05% TMS). The chemical shift of the TMS peak (and/or

Figure 8. Potential energy surface on the S = 1 surface of 2 performing
a C−H abstraction reaction (far end) to form the hydroxylated
intermediate 3 (center). The energy barriers for the rebound (left) and
desaturation (right) reactions are high, whereas the dissociation
reaction (near end) is thermoneutral.
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solvent peak) in the presence of the paramagnetic metal complexes
was compared to that of the TMS peak (and/or solvent peak) in the
inner coaxial insert tube. The effective magnetic moment was
calculated using the equation μ = 0.0618(ΔνT/2fM)1/2, where f is
the oscillator frequency (MHz) of the superconducting spectrometer,
T is the absolute temperature, M is the molar concentration of the
metal ion, and Δν is the difference in frequency (Hz) between the two
reference signals.31

X-ray Crystallography. Single crystals of 3-Cl·CH3CN·H2O were
picked from solutions by a nylon loop (Hampton Research Co.) on a
handmade copper plate mounted inside a liquid N2 Dewar vessel at ca.
−40 °C and mounted on a goniometer head in a N2 cryostream. Data
collections were carried out on a Bruker SMART APEX II CCD
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 SHELXTL V 6.12.32 H atoms were located in
the calculated positions except H1 in a hydroxyl group, which was
found from the Fourier difference map. All non-H atoms were refined
with anisotropic thermal parameters. Crystal data for 3-Cl·CH3CN·
H2O: C16H38Cl2CrN5O2: monoclinic, P21, Z = 2, a = 7.35270(10) Å, b
= 9.7682(2) Å, c = 14.9867(2) Å, β = 94.8750(10)°, V = 1072.49(3)
Å3, μ = 0.803 mm−1, ρcalcd = 1.410 g cm−3, R1 = 0.0235, wR2 = 0.0497
for 5146 unique reflections, 252 variables. CCDC-942471 for 3-Cl·
CH3CN·H2O contain the supplementary crystallographic data for this
paper. 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 1EZ, U.K.; fax (+44) 1223-
336-033 or e-mail deposit@ccdc.cam.ac.uk).
Generation and Characterization of 3-Cl·CH3CN·H2O. The

treatment of 2, which was obtained by the reaction of [CrII(TMC)-
(Cl)](Cl)·(CH3CN)2 (23.1 mg, 0.05 mmol), excess O2, and 1 equiv of
PPh3 in CH3CN (1 mL) at −10 °C,16b with 10 equiv of CHD afforded
formation of a light-yellow solution. Single crystals suitable for X-ray
analysis were obtained from layering of diethyl ether on top of the
reaction solution at −40 °C. Yield: 19.5 mg (80%). UV−vis [λ, nm (ε,
M−1 cm−1)] in CH3CN at −10 °C (Figure 1a): 360 (330), 440 (160),
540 (110). CSI-MS in CH3CN at −10 °C (Figure 3a): m/z 360.2110
for 3 (calcd m/z 360.1748).
Reactivity Studies. All reactions were run by monitoring UV−vis

spectral changes of reaction solutions, and rate constants were
determined by fitting changes in absorbance at 603 nm for 2.
Reactions were run at least in triplicate, and the data reported
represent the average of these reactions. Typically, complex 2,
prepared by treating 1 with 1 equiv of PPh3 in CH3CN at −10 °C,
was directly used in kinetic studies by adding appropriate amounts of
substrates. After the reactions were completed, pseudo-first-order
fitting of the kinetic data allowed us to determine the kobs values. The
purity of the 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 comparison with
authentic samples, and product yields were determined by comparison
against standard curves prepared with authentic samples and using
decane as an internal standard.
DFT Calculations. Calculations were performed at the B3LYP/6-

311+G(d,p)//LANL2DZ(6-311G* on Cl) level,33 with solvent
(acetonitrile) modeled through the CPCM scheme34 (also included
during the optimizations), using and as implemented in the Gaussian
09 package.35 The energies reported are electronic energies only
because free-energy calculations in solvent-included optimized systems
introduce a formal error26,36 (nevertheless, calculated ΔG values are
reported in the SI). Spin contamination issues were investigated using
a restricted open-shell approach where applicable as well as spin-
projected DFT.37 Even though there are arguments about using the
latter procedure,38 it remains one of the few DFT tools available to use
when spin contamination is suspected and the restricted open-shell
approach is not applicable. We have also used single-point
B2PLYP39//UBLYP to evaluate the spin contamination because
double hybrids may yield more accurate results with regard to this
issue.40
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