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The reactivity of high-valent metal–oxo species is critical to
the functioning of a large class of metalloenzymes. In heme
enzymes, the identity of the proximal ligand is believed to
have an important effect on the generation, stability, and
substrate reactivity of these intermediates. For example, the
proximal cysteinate ligand in cytochrome P450 (Cyt-P450)
has been suggested to increase the oxidizing power of the
enzyme toward hydrocarbon (C�H) substrates by enhancing
the basicity (i.e. the affinity for H+) of the [(porph+C)FeIV(O)]
intermediate, thereby increasing the driving force of hydro-
gen-atom transfer (HAT).[1] Beyond Cyt-P450, it is of
considerable interest to elucidate the factors that control
metal–oxo HAT reactions because of the fundamental
importance of this chemistry to both biological and synthetic
processes.[2]

Only recently has limited information become available
on the kinetics of HAT reactions for either heme or nonheme
iron/manganese–oxo complexes.[3–10] Even fewer of these
studies have systematically determined the effects of ancillary
ligands on the kinetics of HAT reactions. For example, the
influence of axial ligands trans to the oxo group, which is of
particular relevance to heme proteins, has only recently been
described for discrete iron–oxo complexes.[5, 7, 8] No similar
study has yet appeared for analogous manganese–oxo com-
plexes.

In earlier work, principles of ligand design were used to
prepare a porphyrinoid ligand that stabilizes high-valent
transition metals.[11, 12] This ligand, which contains a ring-
contracted porphyrin nucleus and a 3� charge, provided rare
access to a stable manganese(V)–oxo complex,
[(TBP8Cz)MnV(O)] (1; TBP8Cz = octakis(p-tert-butylphe-
nyl)corrolazinato3�).[13] Herein, we take advantage of the

stability of 1 to determine the influence of axial donors on the
kinetics of HAT for a discrete MnV(O) species. The addition
of anionic axial ligands (X�) to this manganese(V)–oxo
complex leads to unprecedented rate enhancements in HAT
reactions. Computational studies (density functional theory,
DFT) were performed that successfully reproduce the
experimental findings, thus providing a comprehensive the-
oretical framework in which these unprecedented influences
on reactivity can be understood.

In a previous study it was shown that mixing 1 with excess
9,10-dihydroanthracene (DHA) at room temperature led to
the isosbestic conversion of 1 into 2 (see Scheme 1).[14] The
data for this reaction, together with similar reactions involv-
ing substituted phenols, were consistent with the mechanism
shown in Scheme 1. Complex 1 abstracts a hydrogen atom
from the substrate in the rate-determining step, thus leading
to a postulated MnIV(OH) intermediate which is not
observed, but is then consumed in a second, fast HAT step
to give [(TBP8Cz)MnIII] (2).

Repetition of the reaction between 1 and DHA in CH2Cl2

at 25 8C in the presence of Bu4N
+F�·xH2O (TBAF; 1.5 equiv),

led to the intriguing result that the reaction was complete in
about 1 hour, as compared to the 20 hours needed in the
absence of TBAF. The appearance of a UV/Vis spectrum
consistent with a fluoride-ligated MnIII complex [2-F]�[15] was
observed together with the decay of the MnV(O) species
(Figure 1a). No significant UV/Vis change is seen for 1 with

Scheme 1. Proposed mechanism of hydrogen-atom abstraction.
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TBAF, but similarly, negligible
spectral changes are found for
both [(corrole)MnV(O)][16] and
[(porph+C)FeIV(O)][8] upon addition
of axial ligands. Increasing the
amounts of TBAF (1000 equiv)
result in a further increase in rate,
and complete conversion of MnV

into MnIII occurs in 20 minutes.
The decay of MnV (and formation
of MnIII) followed good pseudo-
first-order kinetics for more than
three half lives in the presence of
excess DHA, thus giving a pseudo-first-order rate constant of
kobs = 1.5 � 10�3 s�1. A plot of kobs versus [F�] (Figure S1 in the
Supporting Information) reveals clear saturation behavior,
indicating that a pre-equilibrium step involving F� occurs
prior to the rate-determining HAT. As shown in Figure S1,
excellent linearity is observed for the double-reciprocal
plot[17] of 1/[F�]total versus 1/kobs, thus confirming the pre-
equilibrium state and yielding K = (163� 7)m�1. The exami-
nation of a second C�H substrate (triphenylmethane (TPM),
see below) reproduces the same saturation behavior with
TBAF (Figure S2 in the Supporting Information) and yields
K = (191� 10)m�1, which is in good agreement with the
K value obtained with DHA.[18] These results provide good
evidence that F� coordinates to 1 via the rapid equilibrium 1

+ F� Q [1-F]� . This formula is further supported by mass
spectrometry data (see below). The most reasonable binding
site for F� is trans to the oxo ligand, as shown in the proposed
structure for [1-F]� in Scheme 1.

Kinetics for the reaction with DHA under saturating
conditions of F� (where kobs�k2 in Scheme 1) were obtained
to determine the second-order rate constant (k2’) for [1-F]� +

DHA. The concentration of DHA was varied, and kobs values
vary linearly with [DHA] (Figure S3 in the Supporting
Information), and is consistent with rate = k2’[[1-F]�][DHA].
The slope of the best-fit line gives k2’, which when corrected
for the number of reactive C�H bonds equals (3.7� 0.2) �
10�2

m
�1 s�1. In comparison, 1 + DHA in the absence of

fluoride reacts with a rate constant of k2’= (1.8� 0.5) �
10�5

m
�1 s�1. Thus, the addition of a fluoride anion induces a

remarkable rate-enhancement of k2’([1-F]�)/k2’(1) = 2100 for
hydrogen-atom abstraction (Table 1). Product analysis by gas
chromatography (GC) of the oxidation of DHA showed that
anthracene was the major product (85 % yield; Scheme 2),
thus confirming HAT by [1-F]� , and supporting the stoichi-
ometry predicted in Scheme 1. A significant kinetic isotope
effect of k2’H/k2’D = 10.5 for DHA versus [D4]DHA was also
obtained, further supporting HAT as the rate-determining
step.

A range of C�H substrates with different bond strengths
(bond dissociation energies = BDEs) were next examined to
gain further insights into the mechanism of oxidation. The
oxidation of these substrates with 1 + TBAF (1000 equiv) in
CH2Cl2 under anaerobic conditions at 25 8C led to the
isosbestic transformation of [1-F]� into [2-F]� , and showed a

second-order dependence on the substrate.[20] A plot of
BDE(C�H) versus log k2’ reveals a linear correlation (Fig-
ure 1b), often characteristic of HAT reactions.[21] The slope
(�0.42� 0.05) is in good agreement with other metal–oxo

Table 1: Comparison of second-order rate constants for 1, [1-F]� , and [1-CN]� .

k2’ [m�1 s�1][a]

Substrate 1 [1-F]�
k02ð½1� F��Þ

k02ð1Þ
[1-CN]�

k02ð½1� CN��Þ
k02ð1Þ

indene 0.27�0.02 27�1
xanthene 0.18�0.04 3.6�0.5
9.10-dihydroanthracene (1.8�0.5) � 10�5 (3.7�0.2) � 10�2 2100 0.29�0.02 16000

10.5 [8.5][b] 6.7 [8.6][b]

1,4-cyclohexadiene (3.3�0.1) � 10�5 (2.5�0.1) � 10�2 760 0.27�0.01 8200
triphenylmethane (6.6�0.2) � 10�4

[a] Rate constants are normalized per reactive C�H bond. [b] Experimental and calculated (in square
brackets) kinetic isotope effect (KIE) values for the reaction with DHA versus [D4]DHA.

Scheme 2. Reaction of [1-F]� with DHA.

Figure 1. a) Time-resolved UV/Vis spectra for the reaction between 1
(15 mm) and DHA (15 mm) in the presence of TBAF (22.5 mm) in
CH2Cl2 at 25 8C (t = 0 to 70 min). b) Dependence of the log k2’ values
for [1-F]� on BDE(C�H)

[19] where k2’ values are normalized per reactive
C�H bond.
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HAT reactions.[3–5, 7, 21] In addition, a comparison of the k2’
values for [1-F]� (0.10m�1 s�1) versus 1 (1.3 � 10�4

m
�1 s�1) for

the oxidation of 1,4-cyclohexadiene (CHD) gives a rate
enhancement factor of 760 (Table 1).

If the anionic donor is changed from F� to CN� , an even
more dramatic effect is observed. Monitoring the oxidation of
DHA and CHD by 1 in the presence of Bu4N

+CN�

(1000 equiv) reveals rate enhancements on the order of
103–104 (Table 1). A saturation curve for CN� could not be
obtained because of a competing autoreduction reaction at
high concentrations of CN� , but it is reasonable to assume
that a 1000-fold excess of CN� provides saturation conditions.
The kinetics for the oxidation of the C�H substrates by
[1-CN]� were well-behaved, and were first-order for all
substrates. As seen for [1-F]� , a linear correlation of BDE(C�H)

versus log k2’([1-CN]�) (slope =�0.62� 0.23; Figure S4 in the
Supporting Information) was observed and a KIE of 6.7 was
found for DHA. The kinetic data for [1-CN]� resemble the
data for [1-F]� , and confirm that C�H activation takes place
through a rate-determining HAT and is dramatically accel-
erated by the addition of anionic axial ligands.

Under the dilute conditions of the kinetics experiments
(�20 mm, large excess of X�), [1-F]� exhibits a slow self-decay
(� 11 h), while [1-CN]� decays at a faster rate (� 15 min).
Attempts to concentrate solutions of [1-F]� or [1-CN]� and
isolate them as solids resulted in rapid autoreduction to MnIII,
which has prevented their definitive characterization by
X-ray crystallography thus far. The autoreduction of metal-

locorroles in the presence of anionic axial ligands is
known.[16,22] However, [1-F]� and [1-CN]� were identified by
laser desorption/ionization mass spectrometry (LDI/MS;
Figures S6 and S7 in the Supporting Information). The
clusters observed in negative ion mode and centered at
m/z 1445.6 and 1452.7 for [1-F]� and [1-CN]� , respectively,
match the theoretical isotopic patterns predicted for these
molecules. Structural information on [1-F]� and [1-CN]� was
obtained by tandem MS/MS experiments. The LDI-TOF/
TOF spectra of [1-F]� and [1-CN]� (Figures S9 and S10 in the
Supporting Information) exhibit a main fragment at m/z 1427,
which results from the loss of F� or CN� . This fragmentation
pattern agrees with F� and CN� being bound as relatively
weak axial ligands to MnV(O), and provides further support
for the proposed structures, [1-F]� and [1-CN]� (Scheme 1).

To gain insight into the possible origins of the unprece-
dented axial ligand effects, we performed DFT calculations
(B3LYP level) on the reaction of 1, [1-F]� , and [1-CN]� with
DHA (full details in the Supporting Information). The
optimized geometry and vibrational frequencies for 1 are in
excellent agreement with the experimental data available on
this complex.[13]

Well-separated, closed-shell singlet ground states were
found for all three complexes, and they match the exper-
imentally determined ground state for 1. The potential energy
profiles (Figure 2) for all three complexes give a similar
reaction mechanism that begins with a hydrogen-atom
abstraction via transition state TSHA to form a radical

Figure 2. Potential energy profiles of hydrogen-atom abstraction of DHA by 1, [1-F]� , and [1-CN]� in the gas phase. Free energy values are given in
square brackets and are corrected for entropy and thermal corrections calculated at the UB3LYP/LACVP level of theory. Transition state structures
(1TSHA) with bond angles (8), bond lengths (�) and associated imaginary frequencies depicted in the upper right.
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intermediate Int, which then abstracts a second hydrogen-
atom via the transition state TSD to form anthracene and MnIII

as products (Prod). Calculated free energy values show that
the first hydrogen-atom abstraction barrier (TSHA) is rate-
determining, and is in agreement with the experimental
finding that there is no observable build-up of a MnIV

intermediate. A triplet spin state 3[(Cz)Mn(O)] (spin densities
reveal a [(Cz+C)MnIV(O)] configuration) lies well above the
ground state for the reactants by 6.2–9.5 kcal mol�1, but does
react to form a radical intermediate 3Int with the same orbital
occupation as the singlet; [(Cz)MnIV(OH)]–[DHA-H]C. The
potential energy profiles for the triplet states for 1, [1-F]� , and
[1-CN]� (Figures S15–S17 in the Supporting Information)
reveal transition states 3TSHA slightly higher in energy (0.8–
1.6 kcalmol�1) than the corresponding singlet states 1TSHA.
The singlet and triplet states become nearly degenerate upon
reaching the intermediate, Int, and therefore a spin-state
crossing may occur, but only following the initial hydrogen-
atom abstraction barrier TSHA. Hence, the reactivity of 1, [1-
F]� , and [1-CN]� toward HAT are not influenced by a spin-
state crossing mechanism. Optimized geometries of TSHA are
shown in Figure 2. Without an axial ligand, the barrier is late
with short O�H and long C�H bond lengths, which is typical
for high-barrier transition states.[23]

The lack of multistate reactivity for 1 is in contrast to HAT
reactions involving many other heme and nonheme metal–
oxo species, for which multistate reactivity has been invoked
as a critical factor.[7, 24] These results also contrast recent
theoretical work on MnV(O) porphyrins, for which multistate
reactivity has been suggested.[25] Interestingly, the singlet state
of MnV(O) porphyrins was found completely unreactive
toward HAT, but our calculations suggest that the MnV(O)
corrolazines, in contrast, likely operate via a novel single-
state-reactivity pathway.

What is most striking from DFT calculations is the
dramatic lowering of the initial HAT barrier (TSHA) upon
the coordination of F� or CN� to 1 (7.4 and 9.7 kcalmol�1

lower than 1, respectively). The trend in reactivity, [1-CN]�>
[1-F]�@ 1, predicted in Figure 2 by the relative HAT barriers
(TSHA) is in excellent agreement with the experimental rate
constants for DHA oxidation. Calculated KIE values of 8.5
and 8.6 for hydrogen-abstraction by [1-F]� and [1-CN]� ,
respectively, correspond well with the experimental findings
(Table 1).

What drives the lowering of the HAT barrier upon
addition of anionic donors? A clue comes from the stability of
the 1Int intermediate, which increases significantly upon
coordination of F� or CN� . The C�H activation step for
nonligated 1 is endothermic, whereas the same step for [1-F]�

and [1-CN]� is strongly exothermic. Because reaction exo-
thermicity and barrier height often correlate with each
other,[26] it is important to determine the possible factors
that influence the stability of 1Int. Calculation of the O�H
bond strength for 1[(Cz)MnIV(OH)] gives a BDEOH =

69.3 kcal mol�1, which dramatically increases to 81.7 and
86.7 kcal mol�1 for the systems with F� or CN� , respectively.
These values predict that the exothermicity of HAT should
increase by 12.4 and 17.4 kcal mol�1, respectively, as a result of
addition of F� or CN� . Recent studies of hydrogen-abstrac-

tion reactions by a range of iron(IV)–oxo oxidants implicated
a linear correlation of barrier height with BDEOH,[27] in
agreement with the trend observed here (Figure S20 in the
Supporting Information). Mayer et al. have shown that the
BDEs and rates of HAT for metal complexes correlate with
simple organic radicals.[21] A plot of the theoretical
BDEOH values versus experimental log k for the reactions of
1, [1-F]� , and [1-CN]� with DHA fits remarkably well with
the data for the organic radicals sec-BuO2C and tBuOC, thereby
enhancing the validity of the BDEs derived from DFT-
(Figure 3).

A thermodynamic analysis[21] shows that the strength of
the O�H bond in 1[(Cz)MnIV(OH)] is proportional to the
electron affinity (EA) of the MnV(O) complex and the proton
affinity of the hypothetical one-electron-reduced [MnIV(O)]�

species. The EA values for 1, [1-F]� , and [1-CN]� obtained by
DFT calculation (Table S14 in the Supporting Information)
reveal a significant decrease (11.3–14.0 kcalmol�1) upon
addition of the anionic axial donors compared to 1, which
should induce a weakening of the O�H bond in the
Mn complex. Thus, according to the DFT calculations, the
large increase in BDEOH must arise from a substantial
increase in proton affinity (26.4–28.7 kcalmol�1) upon addi-
tion of F� or CN� . In other words, the basicity of [MnIV(O)]� ,
not the oxidizing power of the MnV(O) complex, is predicted
to be greatly enhanced by axial ligation and leads to the
dramatic increase in reactivity.[28]

These results are in concert with the notion that the Cys
ligand in Cyt-P450 may serve to enhance the basicity of the
iron–oxo intermediate, thereby providing a means for the
activation of inert C�H bonds in the presence of an
oxidatively susceptible protein matrix. Interestingly, recent
DFT calculations on Cyt-P450 suggest that the anionic Cys
donor induces similar opposing effects on electron affinity
and proton affinity.[29] Further studies to understand the
influence of ancillary ligands on metal–oxo HAT reactions in
both synthetic and biological systems are clearly warranted.
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Figure 3. Plot of DFT calculated BDEOH values versus experimental log
k2’ values for the reaction of 1, [1-F]� , and [1-CN]� with DHA. Best-fit
line through data for sec-BuO2C and tBuOC.[21]
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