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The electronic structures of the bis(hydroxo)manganese(IV) and oxohydroxomanganese(IV) complexes [MnIV(OH)2-
(Me2EBC)]

2þ and [MnIV(O)(OH)(Me2EBC)]
þ were probed using electronic absorption, magnetic circular dichroism

(MCD), and variable-temperature, variable-field MCD spectroscopies. The d-d transitions of [MnIV(OH)2(Me2EBC)]
2þ

were assigned using a group theory analysis coupled with the results of time-dependent density functional theory
computations. These assignments permit the development of an experimentally validated description for the π and σ
interactions in this complex. A similar analysis performed for [MnIV(O)(OH)(Me2EBC)]

þ reveals that there is a significant
increase in the ligand character in the Mn π* orbitals for the MnIVdO complex relative to the bis(hydroxo)manganese(IV)
complex, whereas the compositions of the Mn σ* orbitals are less affected. Because of the steric features of the Me2EBC
ligand, we propose that H-atom transfer by these reagents proceeds via the σ* orbitals, which, because of their similar
compositions among these two compounds, leads to modest rate enhancements for the MnIVdO versus MnIVOH species.

Introduction

The oxygenation of organic substrates by transition-metal
centers is of fundamental importance in biological and
synthetic transformations. For example, Fe and Mn centers
supported by a variety of ligands canmediate the oxidation of
C-H, N-H, or O-H bonds.1-4 In most cases, high-valent
oxometal species (i.e., FeV/IVdO and MnV/IVdO adducts)
are commonly presumed as active oxidants.5-9 Middle- to
high-valent hydroxometal adducts can also take part in

H-atom-transfer (HAT) and oxygenation reactions,10-15

with iron and manganese lipoxygenase enzymes serving as
key examples.16-18 Much current effort is focused on com-
paring the properties of oxo- and hydroxometal species to
understand their reactivities and electronic structures at a
fundamental level.19-24

In such comparisons, it is ideal to examine oxo- and
hydroxometal adducts in complexes where the rest of the
coordination environment is identical. One of us has reported
a pair of manganese(IV) complexes stabilized by the cross-
bridged cyclam ligandMe2EBC (Me2EBC= 4,11-dimethyl-
1,4,6,11-tetraazabicyclo[6.6.2]hexadecane), [Mn(OH)2(Me2-
EBC)]2þ (1), and [Mn(O)(OH)(Me2EBC)]

þ (2),12,25 that
differ by only a proton (Scheme 1). These compounds are
thus ideally suited for comparing the properties of oxo- and
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hydroxometal adducts. pH titration experiments have shown
that 1 converts to 2 with a pKa of 6.86.25 The solid-state
structure of 1 was determined by X-ray crystallography,25 and
the compositionof2was establishedusingmass spectrometry.26

The bond dissociation enthalpies (BDEs) of the respective
reduced products of 1 and 2 are similar (BDE = 83 and
84.3 kcal mol-1 for the MnIIIOH2 and MnIIIOH species).12

With regards to the kinetics of the HAT reactions, the
MnIVdO species 2 exhibits HAT rates∼14-fold greater than
those of 1 when 1,4-cyclohexadiene (CHD), 9,10-dihydroan-
thracene (DHA), xanthene, and fluorene are used as sub-
strates.12,15 While the paucity of oxo- and hydroxometal
adducts with all other ligands being identical renders it
difficult to provide an even comparison for this rate enhance-
ment, it is notable that the rate enhancement observed for 2 is
significantly less than that reported for the oxo- and
hydroxoiron(IV) adducts of the tetradentate BPMCN ligand
[BPMCN = N,N0-bis(2-pyridylmethyl)-N,N0-dimethyl-trans-
1,2-diaminocyclohexane]. In that case, the oxoiron(IV) adduct,
[Fe(O)(pyridine)(β-BPMCN)]2þ, was shown to perform HAT
reactions for the organic substrates CHD, DHA, and
2,4,6-tri-tert-butylphenol with rates 102-103-fold greater
than the hydroxoiron(IV) complex [Fe(OH)(OOtBu)-
(β-BPMCN)]2þ.10-15 Using the framework of frontier
molecular orbital (MO) theory, this difference in reactivity
was attributed to the large percentage of oxo character in
the FeIVdO π* MOs. Indeed, Solomon and co-workers
have used experimental and computational methods to
show that increased oxo character in the π* MOs of
FeIVdO compounds correlates with an increase in the
HAT rates for a given substrate.27,28 However, for [Fe(O)-
(pyridine)(β-BPMCN)]2þand[Fe(OH)(OOtBu)(β-BPMCN)]2þ,
the change from pyridine to alkylperoxo ligand could influ-
ence theHAT reaction rate. The reported reactivities of 1 and
2 provide an even comparison of oxo- versus hydroxometal
species; what is currently lacking is an experimentally vali-
dated description of the frontier MOs of these complexes.
To develop electronic structure comparisons of oxo- and

hydroxometal adducts in identical coordination environ-
ments, we have examined 1 and 2 using electronic absorp-
tion (Abs) and magnetic circular dichroism (MCD)
spectroscopies and density functional theory (DFT) com-
putations. This work provides insights into factors gover-
ning the reactivities of high-valent metal complexes
and establishes spectral assignments for MnIVOH and
MnIVdO centers that could aid in the identification of
related intermediates.

Materials and Methods

Preparation of [MnIV(OH)2(Me2EBC)](PF6)2 (1) and [MnIV(O)-
(OH)(Me2EBC)](PF6) (2). 1 was synthesized by oxidizing
[MnII(Me2EBC)Cl2] with H2O2 in the presence of NH4PF6

in H2O.25 pH titration experiments have furnished an acid-
-base equilibrium for 1 and 2with a pKa of 6.86 in an aqueous
solution. Thus, in a weakly acidic solution, 1 is the major
species. At pH 8.4, approximately 98% of the sample is
present as 2. A mull MCD sample of 1was prepared by mixing
15 mg of 1with 1 mL of poly(dimethylsiloxane) with a mortar and
pestle until a uniform mixture was observed. The mixture was then
sandwiched between two quartz disks. The two disks weremounted
in a sample holder and flash-frozen with liquid nitrogen. TheMCD
sample for2waspreparedbydissolving30mgof1 in 15mLofH2O.
ThepHwasadjusted to8.4using 0.1MNaOH.Waterwas removed
in vacuo. Once dry, a mull sample of 2 was prepared using the
proceduredescribedabove.BecauseAbsandelectrospray ionization
mass spectrometric data collected for 2 before and after solvent
removal were indistinguishable (Figure S1 in the Supporting In-
formation), we concluded that this procedure did not affect the
composition of 2.

Absorption and MCD Instrumentation. Abs data were col-
lected on a Cary 50 Bio spectrometer (Varian). MCD data were
collected on a spectropolarimeter (Jasco J-815) interfaced with
an Oxford Instruments SM-4000-8 magnetocryostat.

Variable-Temperature, Variable-Field (VTVH) MCD Data
Analysis and Fitting. VTVHMCD data collected for 1 at 17 400
and 26 000 cm-1 were fitted using the general method developed
by Neese and Solomon.29 Fits were performed for an S = 3/2
system with an isotropic g value of 2.00. Using a previously
described protocol,30 zero-field-splitting (ZFS) parameters
D and E/D were systematically varied, while the transition
moment products were optimized for a given set of ZFS para-
meters. For both data sets, excellent fits were observedwithD=
-1.0 cm-1 and E/D= 0.05. The transition polarizations found
using these ZFS parameters are as follows: 17 400 cm-1 band,
0.5% x, 0.5% y, and 99% z polarization; 26 000 cm-1 band, 2%
x, 4% y, and 94% z polarization.

DFT Computations. All calculations were performed using the
ORCA2.7.0 software package developedbyF.Neese (University of
Bonn).31 The crystal structure coordinates of 1 served as a starting
point forDFTenergyminimizations.TheDFTgeometry-optimized
structure of this complex was used for subsequent calculations so as
to provide a reasonable comparison with 2, for which no X-ray
structure is available. Geometry optimizations of 1 and 2 were
converged to the S= 3/2 spin state and utilized the Becke-Perdew
(BP86) functional32,33 and the SVP (for C and H) and TZVP (for
Mn,N, andO) basis sets.34,35 Because these calculations employed a
resolution of the identity approximation,36 the SV/J and TZV/J
auxiliary basis sets were also used.34,35

Electronic transition energies and intensities were computed for
1 and 2 using the time-dependent DFT (TD-DFT) method37-39

Scheme 1
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within the Tamm-Dancoff approximation.40,41 The B3LYP func-
tional42-44 and SVP (for C and H) and TZVP (for Mn, N, and O)
basis sets were employed for these computations. In each calcula-
tion, 40 excited states were calculated by including all one-electron
excitations within an energy window of (3 hartree with respect
to the energies of the highest occupied and lowest unoccupied
MOs. Isosurface plots of MOs were generated using the gOpenMol
program45 with isodensity values of 0.05 b-3. ZFS parameters and
theD-tensororientationwere computed for1usinga linear response
method referred to as the coupled-perturbed spin-orbit coupling
approach.46 This calculation utilized the B3LYP functional and
TZVP basis sets on all atoms. These calculations yieldedD andE/D
values of-1.7 cm-1 and 0.21, respectively, in acceptable agreement
with the experimental values determined by analysis of the VTVH
MCD data (D=-1 cm-1 and E/D= 0.05).

Results and Discussion

Conversion of [MnIV(OH)2(Me2EBC)]
2þ to [MnIV(O)-

(OH)(Me2EBC)]
þ. Figure 1 shows the pH-dependent

conversion of 1 to 2 as followed by Abs spectroscopy.
At pH 5.8, the dominant species is 1, which displays a
single feature at ∼18 200 cm-1 (550 nm). As the pH is
raised, 1 converts to 2 (pKa = 6.86), and the 18 200 cm-1

band loses intensity and blue-shifts slightly. A new, broad
feature also appears at ∼11 500 cm-1 (870 nm). The
formation of 2 is maximized at pH 8.4. The intensities
of all near-IR and visible absorption features for 1 and 2
are low (<100 M-1 cm-1), and these bands are thus
attributed to MnIV d-d transitions. To develop detailed
assignments for these electronic transitions, we used
MCD spectroscopy, a very sensitive probe of metal-
centered d-d transitions.29,47

Spectroscopic Data and Analysis for [Mn
IV(OH)2-

(Me2EBC)]
2þ. The 4 K, 7 T mull MCD spectrum of 1

(Figure 2) displays two prominent, positive features at
∼17 000 and 26 000 cm-1 (bands 3 and 6, respectively).
A negative band is observed above 30 000 cm-1, which
is likely due to charge-transfer (CT) transitions. Addi-
tional fine structure is resolved at ∼14 900 and 20 000
cm-1 (bands 2, 4, and 5). All features are temperature-
dependent C-term signals (Figure S2 in the Supporting

Information) attributed to paramagnetic 1. An iterative
Gaussian deconvolution of the Abs and MCD spectra of
1 reveals seven electronic transitions below 31 000 cm-1

(Table S1 in the Supporting Information).48 The different
selection rules of Abs and MCD spectroscopy permit
general band assignments to be made by comparing Abs
and MCD intensities. For example, while metal-centered
d-d transitions are parity-forbidden and thus weak in an
Abs spectrum, these transitions are selectively enhanced
in the MCD spectrum. In contrast, CT bands that dom-
inate Abs spectra are comparatively weaker in MCD
spectra. On the basis of these general rules, bands 1, 3,
and 6, which are prominent in the MCD spectrum but
correspond to weaker Abs features, are assigned as spin-
allowed MnIV d-d transitions. Band 7, which carries a
significant absorption intensity but is fairly weak in the
MCD spectrum, is assigned as aCT band, likely hydroxo-
to-manganese(IV) in origin. Bands 2, 4, and 5, which have
narrow bandwidths and negligible absorption intensities,
are attributed to spin-forbidden MnIV d-d transitions.
The polarizations of bands 3 and 6, as well as the

ground-state ZFS parameters of 1, were examined using
VTVH MCD spectroscopy. In this technique, the inten-
sity of an MCD band is monitored as a function of the
magnetic field at various fixed temperatures. Transition
polarizations obtained through fitting of these data pro-
vide important information for the development of de-
tailed spectral assignments (vide infra). VTVH MCD
curves for bands 3 and 6 are similar in appearance, and
both are well-fit with D = -1 cm-1, E/D = 0.05, and a
predominant z polarization (Figure 3). The ZFS para-
meters fall within the range of values observed for MnIV

centers.7,49,50

DFT and TD-DFT computations were performed to
further analyze the electronic structure of 1. A geometry-
optimized model of 1, based on the X-ray coordinates,

Figure 1. 298 K Abs spectra showing the conversion of [MnIV(OH)2-
(Me2EBC)]

2þ to [MnIV(O)(OH)(Me2EBC)]
þ as the pH is increased from

5.8 to 8.4.

Figure 2. Left: Abs spectrum of [MnIV(OH)2(Me2EBC)]
2þ in H2O at

pH 5.8 (top) and 4K, 7 TMCD spectrum of amull sample of 1 (bottom).
Individual transitions (reddotted lines) and their sums (bluedashed lines),
obtained from an iterative Gaussian fit of the data sets, are displayed on
their respective spectra. Inset:Model of 1 developed usingDFT computa-
tions. The axis system relates to the D-tensor orientation obtained from
coupled-perturbed DFT computations. Right: Energy-level diagram of
MnIV d-based spin-downMOs fromDFT computations and d-d transi-
tions (arrows).
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was used for our analysis of the electronic structure to
afford a comparison with 2, for which no X-ray data are
available. The optimized structure of 1 displays manga-
nese-ligand bond lengths very similar to those observed
in the X-ray structure (Table 1). While the computed
Mn-OH bond lengths are within 0.003 Å of those
observed experimentally, the Mn-N bond lengths are
overestimated by up to 0.095 Å. This is consistent with the
general observation that DFT calculations for transition-
metal complexes providemore reliable distances for shorter,
stronger metal-ligand bonds than for longer, weaker
bonds.51 Because the electronic properties of 1 are domi-
nated by theMnIV-OH interactions, the discrepancy in the
Mn-N distances is not expected to negatively affect our
analysis.
To relate the transition polarizations obtained by

VTVH MCD spectroscopy with the DFT-derived struc-
ture of 1, we used a coordinate system defined by the D
tensor obtained from coupled-perturbed DFT computa-
tions (Figure 2),46,52 where the y axis bisects theMn-OH
bonds and the z axis lies along the NMe-Mn-NMe

vector.53 The computedMnIV d orbital splitting indicates
a large distortion from octahedral symmetry owing to the
different ligand-field strengths of the amine and OH-

ligands (Figure 2). The empty eg-derivedMOs (z2 and xy)
are split considerably, with the xy MO at higher energy.
This MO is strongly Mn-OH σ-antibonding with 24%
OH- character (Table S2 in the Supporting Information).
All singly occupied t2g-derived orbitals (xz, x2-y2, and
yz) are weakly Mn-OH π-antibonding, with the yz MO
highest in energy.
Because 1 is an S= 3/2 d

3 system with approximateC2v

symmetry, six spin-allowed d-d transitions are expected.
The appearance of only three d-d bands in the Abs and
MCD spectra of 1 (Figure 2) suggests that some transi-
tions occur at energies greater than 30 000 cm-1 and/or
are obscured by CT bands. The three d-d transitions
observed for 1 can be assigned using transition polariza-
tion information from VTVH MCD data and TD-DFT
computations. These assignments are summarized in
Table 2. Band 1, which displays no absorption intensity
(Figure 2), is assigned as the electric-dipole-forbidden
yz f z2 transition, which likely gains MCD intensity
through spin-orbit coupling. This assignment is corro-
borated by TD-DFT computations that predict this
transition at 16 750 cm-1, in good agreement with the
experimental energy of band 1 (14 500 cm-1). VTVH
MCD data collected for bands 3 and 6 (Figure 3) indicate
that both transitions are z-polarized, which, according to
a group theory analysis (see Supporting Information),
permits their assignments as the xz f z2 and yz f xy
transitions. TD-DFT computations predict the xz f z2

transition at lower energy (18 200 cm-1), in good agree-
ment with band 3 (17 400 cm-1). Band 6 is thus assigned
as the yz f xy transition (Table 2).
Although only three d-d bands are resolved for 1, their

transition energies provide important insights into bond-
ing. For example, the large energy difference between the
yz f z2 and yz f xy transitions is an indicator of the
splitting of the eg-derived z2 and xy MOs (Figure 2) and
thus reflects the relative strengths of the MnIV-Namine

and MnIV-OH interactions. Similarly, the difference in
energy between the yz f xy and xz f xy transitions
provides insights into MnIV-OH π interactions. Deter-
mining how these splittings are perturbed for 2will afford
a comparison of σ and π interactions in these complexes.

Spectroscopic Data and Analysis for [Mn
IV(O)(OH)-

(Me2EBC)]
þ. The 4 K, 7 T MCD spectrum of 2 reveals

a series of positively signed features from 10 000 to 31 000
cm-1 (Figure 4). Variable-temperature MCD data col-
lected for 2 (Figure S3 in the Supporting Information)
show all features to be C term in origin. An iterative
Gaussian deconvolution of the Abs and MCD spectra of
2 (Figure 4) reveals seven electronic transitions below
31 000 cm-1 that can be qualitatively assigned on the basis
of their Abs andMCD intensities. Bands 1, 2, and 4-6 are
assigned as spin-allowed d-d transitions, whereas the
narrower and less intense band 3 is attributed to a spin-
forbidden d-d transition. Band 7 corresponds to an
intense Abs feature and is therefore attributed to a CT
transition.
Metric parameters for a geometry-optimized model

of 2 are collected in Table 1. The MndO distance of
1.682 Å is significantly shorter than theMn-OHdistance

Figure 3. VTVHMCD data for [MnIV(OH)2(Me2EBC)]
2þ collected at

17400 (A) and 26 000 (B) cm-1 (dotted lines) and best fits (solid lines) to
these data. Both data sets were fit with D = -1 cm-1 and E/D = 0.05.
Transition polarizations used for these fits are as follows: (A) 17400 cm-1

(band 3), 0.5% x, 0.5% y, and 99% z polarization; (B) 26000 cm-1 (band
6), 2% x, 4% y, and 94% z polarization.

Table 1. Manganese-Ligand Bond Lengths for [MnIV(OH)2(Me2EBC)]
2þ and

[MnIV(O)(OH)(Me2EBC)]
þ Obtained from X-ray Diffraction (XRD) and DFT

Computations

1(XRD)a 1(DFT) 2(DFT)

Mn-O(H)b 1.811 1.814 1.682
Mn-OH 1.811 1.814 1.838
Mn-NMe 2.110 2.205 2.156
Mn-NMe 2.110 2.205 2.150
Mn-N 2.090 2.139 2.261
Mn-N 2.090 2.139 2.184

aMetric parameters obtained from ref 25. bThis Mn-O distance
refers to the Mn-OH and MndO distances for 1 and 2, respectively.

(51) Neese, F. J. Biol. Inorg. Chem. 2006, 11, 702–711.
(52) Scheifele, Q.; Riplinger, C.; Neese, F.; Weihe, H.; Barra, A.-L.;

Juranyi, F.; Podlesnyak, A.; Tregenna-Piggott, P. L. W. Inorg. Chem. 2007,
47, 439–447.

(53) The D-tensor coordinate system of 1 is related to the canonical C2v

point group coordinate system (i.e., where the z axis is coincident with theC2

axis) by an interchange of the z and y axes.
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(1.838 Å), indicative of the expected MndO double-bond
character. To develop spectral assignments for the d-d
bands of 2, TD-DFT computations were performed. A
comparison of the experimental and computed Abs spectra
of 2 is shown in Figure 5. TD-DFT computations predict
two d-d transitions (x2-y2f z2 and yzf z2) to give rise to
a feature at∼12000 cm-1, in good agreementwith the near-
IR feature of 2 that is composed of bands 1 and 2 (Table 2
and Figure 5). Using the same coordinate system that was
used for 1, the x2-y2 and yzMOs of 2 are the MnIVdO π*
MOs that carry significant (∼25%) oxo character. The low
energies of the x2-y2 f z2 and yz f z2 transitions for 2
(11 600 and 13700 cm-1, respectively) reflects the strong
π-donating abilities of the oxo ligand. This parallels that
observed forFeIVdOcomplexes,whichalso exhibit near-IR
features indicative of strong FedO π interactions.27,54 The
TD-DFT computations predict a moderately intense xz f
z2 transition at ∼18200 cm-1 that corresponds well with
band 4 (Figure 5). The x2-y2f xy and yzf xy transitions
are predicted at slightly higher energy andwith significantly
lower absorption intensities. The experimentally observed
bands 5 and6 (Figures 4 and5) are respectively attributed to
these transitions. These assignments are summarized in
Table 2.

Comparison of [Mn
IV(OH)2(Me2EBC)]

2þ and [MnIV(O)-
(OH)(Me2EBC)]

2þ. For both 1 and 2, the difference bet-
ween the yzf z2 and yzf xy transition energies provides a
direct probe of the splitting of the eg-derived acceptor

orbitals in these complexes and thus offers a comparison
of σ interactions. The experimental transition energies
reveal that 1 has a larger splitting of the eg-derived orbitals
by ∼1000 cm-1 (Table 2), which might initially appear
surprising given the short MndO bond length in 2 and
the comparableMn-OHandMn-Nbond lengthsof1and
2 (Table 1). DFT computations suggest that this result can
be attributed to destabilization of the z2 MO of 2 due to an
admixture of the hydroxide character (Table S3 in the
Supporting Information). Overall, DFT computations pre-
dict MnIV-O(H) σ interactions to be similar for these
complexes, with 25 and 30% oxo/hydroxo character in the
xyMOs of 1 and 2, respectively (Figure 6). In contrast, DFT
computations predict the ligand character in the yz MO to
nearly double when the oxo ligand is present (Figure 6).
Experimentally, this is reflected in the larger splitting of the
yzf z2 andxzf z2 transitions for2and the lowenergyof the
x2-y2 f z2 transition (Table 2). We note that a similar
doublingof the ligand character of theπ*MOswaspredicted
for the oxoiron(IV) [Fe(O)(pyridine)(β-BPMCN)]2þ

complex relative to the hydroxoiron(IV) compound
[Fe(OH)(OOtBu)(β-BPMCN)]2þ.10

The significant difference in π interactions between 1
and 2 might initially appear at odds with the small rate
enhancement for HAT reactions (∼14-fold), because
according to the frontier MO theory, the percentage of
ligand character in the frontier MOs is expected to
correlate with the rate of HAT.27,28 This is especially

Table 2. Electronic Transition Energies (cm-1) Obtained from a Gaussian Analysis of Abs and MCD Spectra of 1 and 2 and TD-DFT Computations

[MnIV(OH)2(Me2EBC)]
2þ [MnIV(O)(OH)(Me2EBC)]

þ

transition band expt TD-DFTa band expt TD-DFTa

yz f z2 (forbidden)b 1 14 500 16 750 2 13 700 12 500
xzfz2 (z-polarized)b 3 17 400 (z)a 18 200 4 18 000 18 200
yzfxy (z-polarized)b 6 26 000 (z)a 23 000 6 24 000 21 050
x2-y2fz2 (y-polarized)b ND 24 900 1 11 600 12 100
x2-y2fxy (x-polarized)b ND 28 200 5 21 000 19 550

aTransition polarizations from VTVH MCD data collected for 1. bTransition polarization predicted by group theory analysis for 1 using C2v

symmetry and the D-tensor coordinates (Figure 2).

Figure 4. Left: Abs spectrum of [MnIV(O)(OH)(Me2EBC)]
þ in H2O at

pH 8.4 (top) and 4K, 7 TMCD spectrum of a mull sample of 2 (bottom).
Individual transitions (red dotted lines) and their sums (blue dashed lines),
obtained from an iterative Gaussian fit of the data sets, are displayed on
their respective spectra. Right: Energy-level diagram of theMnIV d-based
spin-down MOs of 2 from DFT computations and d-d transitions.

Figure 5. Top: Experimental absorption spectrum of [MnIV(O)(OH)-
(MeEBC)]þ at 298 K (solid line) and the corresponding Gaussian
deconvolution (dotted lines). Bottom: Simulated absorption spectrum
based on TD-DFT computations for 2. Individual electronic transitions
are indicated by vertical sticks, and key features are labeled. Complete
results of the TD-DFT computations for 2 are provided in Table S5 in the
Supporting Information.

(54) Decker, A.; Rohde, J.-U.; Que, L., Jr.; Solomon, E. I. J. Am. Chem.
Soc. 2004, 126, 5378–5379.
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apparent when compared with the [Fe(O)(pyridine)-
(β-BPMCN)]2þ and [Fe(OH)(OOtBu)(β-BPMCN)]2þ com-
pounds, where rate enhancements of 102-103-fold were
observed.10 One possible explanation for the more
dramatic changes in the HAT rates for the iron(IV)
complexes could be the difference in the sixth ligand
(alkylperoxo for FeIVOH and pyridine for FeIVdO),
whereas the only difference between 1 and 2 is a proton.
An alternative explanation relates to the steric proper-

ties of the Me2EBC ligand. For HAT reactions of Fe and
Mn centers, both the π*(β) and σ*(R) LUMOs can serve
as the redox-active orbitals.19,28 However, to maximize
orbital overlap between the substrate and redox-active

MO, reactions proceeding by the π*(β) MOs will require
the substrate C-H bond to be perpendicular to the
MdO(H) axis (horizontal approach), whereas the sub-
strate will approach the σ*(R) MO along the M-O(H)
axis (vertical approach). Under these considerations, we
propose that the Me2EBC ligand prevents substrate
interaction with the π*(β) LUMOs of 1 and 2. Inspection
of these MOs (Figure 6) reveals that the Me2EBCmacro-
cycle provides steric shielding,55 hindering the horizontal
approach of the substrate.56 Alternatively, the σ*(R)
LUMOs of 1 and 2, which contain oxo/hydroxo character
along the Mn-O(H) bond axis and away from the
Me2EBC ligand (Figure 6), could likely offer a lower-
energy route for HAT. According to this model, the
moderate rate enhancement of 2 relative to 1 would thus
be explained by the 5% increase in the oxo/hydroxo
character in the σ*(R) LUMO of 2.
The role of the ligand structure in controlling reaction

pathways is important for related protein systems that
selectively oxidize substrates by HAT mechanisms. In
those cases, the orientation of the substrate is presumably
optimized to facilitate proper interaction between the
targetR-Hbond and the appropriatemetal-oxo/hydro-
xo orbital. Optimization of such interactions in synthetic
systems could lead tomore reactive and selective oxidants
and thus should be considered in the design of small-
molecule catalysts.
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Internet at http://pubs.acs.org.

Figure 6. Surface contour plots of the MnIV yz and xy MOs of 1 (left)
and 2 (right). Routes for substrate approaches are indicated with arrows.

(55) The otherMnIVdO π*MO for 2 (x2-y2) is shielded by the backbone
of the Me2EBC ligand (Figure S4 in the Supporting Information).

(56) While the orientation of the yz MO appears ideally suited for HAT
reactionwith themethyl groups of theMe2EBCmacrocycle, the lowBDEs of
the corresponding MnIIIOH and MnIIIOH2 complexes presumably render
such reactions thermodynamically unfavorable.


