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ABSTRACT: The mononuclear Mn(IV)-oxo complex
[MnIV(O)(N4py)]2+, where N4py is the pentadentate ligand
N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine, has
been proposed to attack C−H bonds by an excited-state
reactivity pattern [Cho, K.-B.; Shaik, S.; Nam, W. J. Phys.
Chem. Lett. 2012, 3, 2851−2856 (DOI: 10.1021/jz301241z)].
In this model, a 4E excited state is utilized to provide a lower-
energy barrier for hydrogen-atom transfer. This proposal is
intriguing, as it offers both a rationale for the relatively high
hydrogen-atom-transfer reactivity of [MnIV(O)(N4py)]2+ and
a guideline for creating more reactive complexes through
ligand modification. Here we employ a combination of
electronic absorption and variable-temperature magnetic
circular dichroism (MCD) spectroscopy to experimentally evaluate this excited-state reactivity model. Using these spectroscopic
methods, in conjunction with time-dependent density functional theory (TD-DFT) and complete-active space self-consistent-
field calculations (CASSCF), we define the ligand-field and charge-transfer excited states of [MnIV(O)(N4py)]2+. Through a
graphical analysis of the signs of the experimental C-term MCD signals, we unambiguously assign a low-energy MCD feature of
[MnIV(O)(N4py)]2+ as the 4E excited state predicted to be involved in hydrogen-atom-transfer reactivity. The CASSCF
calculations predict enhanced MnIII-oxyl character on the excited-state 4E surface, consistent with previous DFT calculations.
Potential-energy surfaces, developed using the CASSCF methods, are used to determine how the energies and wave functions of
the ground and excited states evolved as a function of MnO distance. The unique insights into ground- and excited-state
electronic structure offered by these spectroscopic and computational studies are harmonized with a thermodynamic model of
hydrogen-atom-transfer reactivity, which predicts a correlation between transition-state barriers and driving force.

■ INTRODUCTION
High-valent metal-oxo adducts are common intermediates in
hydrogen-atom-transfer and oxygen-atom-transfer reactions in
biological and synthetic systems.1−20 These processes often
afford oxygenated products, such as alcohols or epoxides, but
reactions initiated by hydrogen-atom transfer can also result in
substrate desaturation or halogenation.21−30 The rates of
hydrogen-atom-transfer reactions have been shown to be
determined largely by their thermodynamic driving
force,5,31,32 and detailed spectroscopic and computational
investigations, predominantly of FeIV-oxo species, have
emphasized modulation of reactivity due to electronic structure
perturbations.12−14,24,33−37 Density functional theory (DFT)
studies of hydrogen-atom-transfer processes by nonheme FeIV-
oxo units underscore electronic structure contributions to
reactivity, as these computations commonly require the
consideration of both S = 1 and S = 2 spin surfaces (so-called
two-state reactivity), the relative energies of which are strongly
modulated by the ligand field. Although most synthetic,
nonheme FeIV-oxo complexes have S = 1 ground states,6,9

DFT studies often predict crossing to an S = 2 spin surface to
traverse a lower-barrier transition state for hydrogen-atom
transfer.12,37 Thus, a comprehensive understanding of reactivity
requires knowledge of the thermodynamics of the hydrogen-
atom-transfer process and an understanding of the electronic
structure of the metal-oxo species.
Although MnIV-oxo complexes have traditionally been

viewed as less reactive than FeIV-oxo or MnV-oxo species,
work by Nam38−40 and our group41 has shown that MnIV-oxo
species supported by aminopyridyl ligands, such as [MnIV(O)-
(N4py)]2+ (N4py = N,N-bis(2-pyridylmethyl)-N-bis(2-
pyridyl)methylamine; see Scheme 1), can attack relatively
strong C−H bonds at reaction rates comparable to those of
analogous FeIV-oxo complexes. Along these lines, Nam has also
shown that MnIV-oxo reactivity can be greatly impacted through
the addition of strong Bronsted acids,42 such as triflic acid, or
the Lewis acid ScIII.40,43 Nonetheless, the basis for the high
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reactivity of these MnIV-oxo complexes remains unclear. Given
the relevance of MnIV-oxo species to biological and synthetic
catalysts,44−48 this is an important gap in knowledge. We have
noted that [MnIV(O)(N4py)]2+ has a MnIV/III reduction
potential ∼700 mV higher than those of several other
MnIVO complexes.41 This would be compatible with a larger
thermodynamic driving force31,49,50 and thus a faster hydrogen-
atom-transfer rate. However, the driving force for hydrogen-
atom transfer depends on the reduction potential and the pKa
of the protonated, reduced metal complex.31,50 As the pKa of
[MnIII(OH)(N4py)]2+ has not been measured, the driving
force is unknown, and the basis for the high reactivity of this
complex remains poorly defined.
Recently, Nam and Shaik have proposed that the hydrogen-

atom-transfer landscape of these MnIV-oxo species involves
multiple electronic surfaces,51 and similar predictions have been
made regarding their oxygen-atom-transfer reactivity.39 The
results of DFT computations of the hydrogen-atom-transfer
reactions are summarized in Scheme 1. The computations
predict hydrogen-atom transfer to proceed initially from the 4B1
ground state, arising from a b2(dxy)

1e(dxz, dyz)
2 configuration

(using the idealized C4v symmetry label). [For these complexes,
the e(dxz, dyz) orbitals are destabilized relative to b2(dxy), as the
former orbitals are strongly MnO π-antibonding, whereas
b2(dxy) is essentially nonbonding. Along the same lines, the
a1(dz2) orbital is strongly MnO σ-antibonding and therefore
at higher energy than the Mn−N4py σ-antibonding b1(dx2−y2)
orbital. See Scheme 1 for a ligand-field splitting diagram.]
However, the transition state on the 4B1 surface is quite high in
energy, and a lower transition state is offered by a 4E excited
state arising from a b2(dxy)

1e(dxz, dyz)
1b1(dx2−y2)

1 configuration.
This configuration is related to the ground state by an e(dxz,
dyz) → b1(dx2−y2) one-electron excitation, and this state was
proposed to carry significant MnIII-oxyl character.51 Thus,
according to this model, hydrogen-atom transfer for [MnIV(O)-
(N4py)]2+ is facilitated by a crossing to this higher-energy
surface with oxyl radical character. Although intriguing, and
consistent with the available kinetic data, this model has not
been subjected to broader scrutiny.

Investigations of FeIV-oxo reactivity have relied on strong
synergy between kinetic studies, computationally derived
reaction coordinates, and electronic structure descriptions
developed on the basis of spectroscopic data.6,9,12,33,37 In
particular, Solomon and co-workers11,12,33−36 and Neese and
co-workers52 have shown that combining electronic absorption
and magnetic circular dichroism (MCD) experiments with
DFT and/or CASSCF computations provides powerful insight
into the electronic states governing the reactivity of nonheme
FeIV-oxo centers. While the corresponding hydrogen-atom-
transfer reactivity of MnIV-oxo complexes have been subjected
to detailed computational studies39,51 and kinetic inter-
rogation,40−42,53 thorough spectroscopic studies of the relevant
electronic states are less common. Mn K-edge X-ray
absorption38,41,54−56 and electron paramagnetic resonance
(EPR) spectroscopies57−60 have been used with success to
establish metric parameters and ground-state ZFS parameters,
respectively, for mononuclear MnIV-oxo species. The area and
energies of X-ray pre-edge features can be related to MnO
bonding and MnIV geometry,54 and EPR experiments using
17O-labeled Mn-oxo species have been used to determine spin
delocalization for a high-spin MnV-oxo species.58 However,
there are comparatively fewer experimental investigations of the
low-lying excited states that are relevant to DFT-computed
reaction coordinates. We have previously shown the power of
combined electronic absorption, MCD, and variable-temper-
ature, variable-field (VTVH) MCD methods in assigning
ligand-field excited states for the mononuclear MnIV-oxo
complex [MnIV(O)(OH)(Me2EBC)]

2+, which contains a
hydroxo cis to the oxo ligand and a neutral N4 ligand
(Me2EBC = 4,11-dimethyl-1,4,8,11-tetraazabicyclo[6.6.2]-
hexadecane).61 These electronic transitions were then used to
compare π- and σ-bonding between this MnIV-oxo species and
its MnIV-dihydroxo analogue, [MnIV(OH)2(Me2EBC)]

2+. How-
ever, the [MnIV(O)(OH)(Me2EBC)]

+ complex is rather
sluggish in C−H bond oxidation,15,62−64 reacting with
dihydroanthracene ∼200-fold slower than [MnIV(O)(N4py)]2+

at comparable temperatures.62,65 Recent DFT studies of the
hydrogen-atom abstraction of the related [MnIV(O)2-
(Me2EBC)] complex suggest single-state reactivity (i.e., an
excited quartet state is not involved).66

In this work, we investigate the electronic structure of
[MnIV(O)(N4py)]2+ through a combination of electronic
absorption and MCD experiments, which are complemented
by DFT and CASSCF computations. In our analysis, we have
spectroscopically identified the low-lying quartet excited state
proposed to influence the hydrogen-atom and oxygen-atom-
transfer reactivity of this complex. A graphical analysis of MCD
C-term signs, and the results of TD-DFT and CASSCF
calculations, allow us to assign the electronic excited states of
[MnIV(O)(N4py)]2+. CASSCF computations, with NEVPT2
corrections, performed as a function of the MnO bond
length offer insights into how the ground- and excited-state
potential-energy surfaces evolve along this reaction coordinate
in the absence of substrate, which is relevant for both
hydrogen-atom and oxygen-atom-transfer chemistry. Through
this approach, we are able to corroborate theoretical predictions
of MnIV-oxo reactivity and relate the electronic structure of
different states to the thermodynamic driving force for the
hydrogen-atom-transfer process.

Scheme 1. Qualitative Reaction Coordinate for Hydrogen-
Atom Transfer between [MnIV(O)(N4py)]2+ (Bottom, Left)
and a Hydrocarbon, H−R, Based on DFT Computations
Described in Ref 51, Showing the Ground State (4B1) and
Lowest-Lying Quartet Excited State (4E) of the Reactant
Complex; Electron Configurations for 4B1 and

4E Are on the
Far Left
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■ MATERIALS AND METHODS
MCD Sample Preparation and Data Collection. A 7.5 mM

MCD sample of [MnIV(O)(N4py)]2+ was prepared from a 15 mM
CF3CH2OH solution of [MnIV(O)(N4py)]2+ that was diluted to 7.5
mM with ethanol to form a glassy solvent mixture with
CF3CH2OH:CH3CH2OH (50:50). The specific procedure is as
follows. A 1.0 mL CF3CH2OH suspension containing 2.5 equiv of
PhIO (16.5 mg, 0.3 mmol) was added to a 1.0 mL CF3CH2OH
solution of [MnII(N4py)(OTf)](OTf) (21.6 mg, 0.012 mmol). The
resulting mixture was stirred on the bench at 25 °C for 15 min. The
cloudy green solution of [MnIV(O)(N4py)]2+ (15 mM) was then
filtered through a 0.45 μm membrane to remove unreacted PhIO.
Because [MnIV(O)(N4py)]2+ reacts with ethanol at room temperature,
the solution was cooled to −40 °C in a freezer and diluted to 7.5 mM
with 2.0 mL cold ethanol (−40 °C). The sample was then transferred
to a precooled MCD cell at −80 °C, and flash frozen in liquid N2.
MCD spectra were collected on a Jasco circular dichroism
spectrometer (J-815) interfaced with an Oxford Instruments magneto-
cryostat (SM-4000-8) capable of a horizontal field up to 8 T and a
temperature range of 2−300 K. VTVH MCD data were analyzed using
a fitting program developed by Neese.67

Electronic Structure Computations. All calculations were
performed using the program package ORCA 3.0.3.68 The molecular
coordinates for [MnIV(O)(N4py)]2+ were obtained by DFT geometry
optimization, as described previously.54 Structures of [MnIV(O)-
(N4py)]2+ with nonequilibrium bond lengths, used to evaluate the
effect of the MnIV-oxo bond perturbations on ligand-field state
energies, were generated through a relaxed surface scan. In these
calculations, the MnIV-oxo distance was systematically varied from 1.50
to 1.95 Å and fixed during geometry optimization while all other
structural parameters were energy-minimized. Cartesian coordinates
for all optimized structure are included in the Supporting Information
(Tables S1and S2). Electronic transition energies were determined by
the time-dependent (TD) DFT method69−73 using the B3LYP
functional,74−76 with TZVP basis sets on Mn, O, and N, and SVP
basis sets on C and H.77,78 The RIJCOSX approximation, along with
TZV/J and SV/J auxiliary basis sets, were employed. TD-DFT-
computed absorption spectra were generated by modeling each
transition with a Gaussian band with a full width at-half-maximum of
2500 cm−1, and assuming that the calculated oscillator strength ( f) is
related to the extinction coefficient (εmax) and full-width at half-
maximum (ν1/2) as follows: f = (4.61 × 10−9)(εmaxν1/2). Molecular
orbitals were visualized using gOpenMol.79,80

The electronic structure of [MnIV(O)(N4py)]2+ was further
investigating using CASSCF/NEVPT2 calculations. The results of
these calculations were highly sensitive to both the active space
employed and the basis set size. Use of a modest active space of
CAS(3,5), including only the MnIV 3d orbitals and electrons, led to a
doublet ground state, even after NEVPT2 correction. This is
incompatible with EPR studies of [MnIV(O)(N4py)]2+, which reveal
a quartet ground state.41 The quartet-doublet splitting gradually
increased with increasing active space. The best agreement between
theory and experiment was obtained using CAS(11,9), where the
active space consisted of the five MnIV 3d orbitals (three electrons),
the two oxo pπ MOs and one oxo pσ MO (six electrons), and the
MnIV−N4py σ-bonding MO (two electrons). Optimal results were
also obtained using the large def2-TZVPP basis set on Mn, N, and O,
with def2-TZVP on C and H. Presumably a larger active space, and
larger basis functions, would lead to more accurate results, but such
computations were not feasible due to convergence issues. CASSCF/
NEVPT2 calculations used for the electronic transitions energies of
[MnIV(O)(N4py)]2+ (equilibrium geometry) involved calculating 10
quartet and 40 doublet roots (i.e., including all ligand-field-derived
states). Calculations for points along the MnIV-oxo surface scan
considered 6 quartet, 4 doublet, and 1 sextet roots. All CASSCF
calculations were tightly converged and employed a 0.8 eV level
shifting, which was necessary to achieve convergence. Initial guess
orbitals for the CASSCF calculation were quasi-restricted orbitals
(QROs) obtained from DFT computations, or taken from a CASSCF

wave function from a system of similar geometry. The NEVPT2
method was performed on top of the CASSCF wave function to
correct for the lack of dynamic correlation in the CASSCF
treatment.81−83 Similar CASSCF/NEVPT2 calculations were per-
formed for [MnIV(O)(OH)(Me2EBC)]

+ and [MnIV(O)(BnTPEN)]2+

at both the equilibrium geometry (both complexes) and structures
with systematically varied MnIV-oxo distances ([MnIV(O)-
(BnTPEN)]2+ only). Structures were obtained through DFT
optimizations at the same level of theory employed for [MnIV(O)-
(N4py)]2+.

■ RESULTS AND ANALYSIS
Electronic Absorption, MCD, and VTVH MCD Data of

[MnIV(O)(N4py)]2+. The electronic absorption spectrum of
[MnIV(O)(N4py)]2+ has been previously described,41 but
detailed band assignments were not made. In this section, we
present an analysis of the 298 K electronic absorption spectrum
and variable-temperature, 7 T MCD spectra of [MnIV(O)-
(N4py)]2+ in order to develop spectral assignments. This
analysis is further aided by TD-DFT and CASSCF/NEVPT2
computations.
The electronic absorption spectrum of [MnIV(O)(N4py)]2+

is characterized by a prominent near-infrared (NIR) feature
centered at ∼10 500 cm−1, a slow rise in absorption intensity
from ∼14 000 to 24 000 cm−1, and the onset of high-intensity
features above 25 000 cm−1 (Figure 1, top). Electronic

absorption spectra collected to 5000 cm−1 reveal no additional
features (Figure S1). The low-temperature MCD spectrum
reveals considerably more information regarding the near-IR
and visible bands of [MnIV(O)(N4py)]2+ (Figure 1, bottom).
All MCD features from 9000 to 30 000 cm−1 show an increased
intensity at lower temperatures (C-term behavior; see Figure
S2),84 and are attributed to electronic transitions originating
from the 4B1 ground state of [MnIV(O)(N4py)]2+. (In our

Figure 1. 298 K Electronic absorption spectrum (top) and 2 K, 7 T
MCD spectrum of [MnIV(O)(N4py)]2+ in CF3CH2OH and 1:1
CF3CH2OH:CH3CH2OH, respectively. Individual Gaussian curves
(dashed black traces) and their sums (dashed blue traces) obtained
from iterative fits of the absorption and MCD data are displayed on
their respective spectra. The vertical line at 10 500 cm−1 shows the
close correspondence between the near-IR absorption maxima and the
center of the MCD pseudo-A term. Due to instrument limitations, the
MCD data were unable to be collected below 9500 cm−1. The notches
in the MCD spectra at ∼10 000 and ∼12 500 cm−1 are artifacts of the
instrument detector and have been observed in other samples.85
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discussion of electronic structure, we will assume the
coordinate system in Scheme 1 and C4v symmetry, which is a
reasonable, approximate symmetry when considering the MnIV

center and the coordinating atoms.) The most prominent
feature in the MCD spectrum of [MnIV(O)(N4py)]2+ is a
pseudo-A term (derivative-shaped C-term) centered at 10 800
cm−1, the negative component of which is not fully resolved
due to instrument limitations. The center of the pseudo-A term
is in close correspondence with the maxima of the near-IR
absorption band (Figure 1, vertical blue line), suggesting that
the electronic transitions contributing to this absorption band
give rise to the pseudo-A term. Pseudo-A terms arise from
excited states with perpendicular transition moments (Mi and
Mj) that spin−orbit mix along an orthogonal axis (Lk). The
MCD spectrum of [MnIV(O)(N4py)]2+ also has less intense,
positive features near 19 000, 26 000, and 29 000 cm−1 (Figure
1, bottom).
A Gaussian deconvolution of the electronic absorption and

MCD spectra of [MnIV(O)(N4py)]2+ reveals a minimum of 10
transitions from 9000 to 30 000 cm−1 (Figure 1 and Table S3).
The relatively high oscillator strengths for bands 8−10, as well
as their low MCD intensities (Table S3), permit their
assignment as ligand-to-metal charge-transfer (LMCT) tran-
sitions. These transitions could arise from oxo-to-manganese-
(IV) excitations or excitation from the pyridine π-system of the
N4py ligand to the manganese(IV) center. Bands 1 through 7
carry considerably less absorption intensity and are attributed
to MnIV d-d transitions or weak LMCT bands. VTVH MCD
data (Figure S3), where the MCD intensity at a given
wavelength is monitored as a function of field at various fixed
temperatures, were collected for [MnIV(O)(N4py)]2+ (Figure
S3). Our analysis of these data, which is limited given that zero-
field splitting parameters have not been determined for
[MnIV(O)(N4py)]2+, is presented in the Supporting Informa-
tion.
Electronic Structure of [MnIV(O)(N4py)]2+. The DFT-

derived ligand-field splitting pattern for [MnIV(O)(N4py)]2+

shown in Figure 2 is the classic pattern for a metal-oxo species
in a tetragonal environment. The t2g-derived orbitals are split
into nonbonding b2(dxy) and MnIV-oxo π-antibonding e(dxz,
dyz) MOs.86 Each of these MOs is singly occupied, giving rise to
a b2(dxy)

1 e(dxz, dyz)
2 ground configuration and a 4B1 ground

state. The unoccupied b1(dx2−y2), and a1(dz2) MOs, which are
MnIV−N4py and MnIV-oxo σ-antibonding, respectively, lie at
higher energy. The compositions and energies of the DFT-
computed frontier Kohn−Sham orbitals of [MnIV(O)-
(N4py)]2+ are collected in Table S7.
Assuming idealized C4v symmetry, four d-d excited states are

anticipated for [MnIV(O)(N4py)]2+. The states, configurations,
and polarizations describing these transitions are given in Table
S8. One-electron excitation from e(dxz, dyz) to b1(dx2−y2) gives a
4E excited state; a second 4E state arises from an e(dxz, dyz) →
a1(dz2) one-electron excitation. Because the N4py ligand does
not have true 4-fold rotational symmetry, the dxz and dyz
orbitals are not actually degenerate (the splitting of the α-
spin e orbitals is 0.02 eV, or 160 cm−1), so these 4E states will
give rise to two closely spaced electronic transitions.
Importantly, a simple group-theory analysis shows that the
two components of a given 4E state will have perpendicular
transition moments (Mx and My) and spin−orbit couple along
Lz. Thus, under ideal conditions, the

4E (dxz, dyz → dx2−y2) and
4E (dxz, dyz → dz2) excited states should each give an MCD
pseudo-A term. One of these excited states must be responsible

for the pseudo-A term centered at 10 500 cm−1 (Figure 1). The
two remaining b2(dxy) → b1(dx2−y2) and b2(dxy) → a1(dz2)
excitations of the MnIV center give 4B2 and

4A2 excited states,
respectively (Table S8). Each of these transitions is electric-
dipole forbidden in the idealized C4v symmetry but will become
allowed through low-symmetry mixing.

TD-DFT and CASSCF/NEVPT2 Computations for
[MnIV(O)(N4py)]2+. Assignments for the electronic transitions
of [MnIV(O)(N4py)]2+ were facilitated using TD-DFT and
CASSCF/NEVPT2 computations. The TD-DFT-computed
absorption spectrum of [MnIV(O)(N4py)]2+ bears a strong
resemblance to the experimental spectrum, consisting of a low-
energy feature at 12 700 cm−1 (band i), a weak band at ∼21 000
cm−1 (band ii), and more intense features above 25 000 cm−1

(band iii; see Figure 3, bottom). Band i corresponds to the
experimental near-IR absorption at 10 500 cm−1, which is
composed of bands 1 and 2 and gives the MCD pseudo-A term
(Figure 1). The TD-DFT computations overestimate the
energy of this band by ∼2000 cm−1, which is well within the
accuracy of this method.87 Band i arises from the 4E (dxz, dyz →
dx2−y2) excited state (Table 1). Because the dxz and dyz orbitals
are nondegenerate, the components of the 4E state are split in
energy by 60 cm−1 in the TD-DFT calculations (Table S9).
Importantly, these excited states should appear as an MCD
pseudo-A term, as discussed in the previous section. On this
basis, bands 1 and 2 are attributed to the components of the 4E
(dxz, dyz → dx2−y2) excited state (Table 1).
Band ii in the TD-DFT spectrum of [MnIV(O)(N4py)]2+ has

contributions from two weak oxo-to-manganese(IV) LMCT
transitions at 19 150 and 19 452 cm−1 and the components of
the 4E (dxz, dyz → dz2) excited state at 20 924 and 20 933 cm−1.
On the basis of these results, bands 3 and 4, which are fairly
weak in both the absorption and MCD spectra of [MnIV(O)-
(N4py)]2+, are assigned as LMCT transitions.88 Bands 5 and 6,
which carry greater MCD intensity, are attributed to the
components of the 4E (dxz, dyz → dz2) excited state (Table 1).
The low oscillator strengths of the LMCT transitions (bands 3
and 4) can be understood by considering the relevant donor

Figure 2. DFT-calculated MnIV d orbital splitting pattern for
[MnIV(O)(N4py)]2+. The spin-allowed d-d transitions, which arise
from one-electron orbital excitations (see Table S8), are indicated with
dashed arrows. Surface contour plots of α-spin MnIV-based orbitals are
provided adjacent to the orbital diagrams.
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and acceptor orbitals. The donor orbitals are the oxo pπ MOs
(px and py), which are the bonding combinations of the MnIV

dxz and dyz MOs plotted in Figure 2. The MnIV dxy MO is the
acceptor orbital. This MO carries very little oxo character,
which accounts for the low intensity of band ii (Figure 3 and
Table S9). Our assignment of bands 5 and 6 to the 4E (dxz, dyz
→ dz2) state is at odds with our expectation that this excited
state should give rise to an MCD pseudo-A term. However, in
the TD-DFT results, these transitions are heavily mixed with
the LMCT transitions that occur just at slightly lower energy
(Table S9), which could distort the MCD dispersion for these
bands. In addition, the close proximity of the ligand-field and
LMCT bands could lead to some cancelation of negative and
positive signals. We note that Neese and co-workers have
invoked similar arguments to explain why a pseudo-A term was
not observed for the analogous 3E (dxz, dyz → dz2) excited state
of the [FeIV(O)(DMMTPA)(MeCN)]2+ complex (DMMTPA =
tris(3,5-dimethyl-4-methoxypyridyl-2-methyl)amine).52

The highest energy TD-DFT band of [MnIV(O)(N4py)]2+

(band iii) is dominated by three oxo-to-manganese(IV) LMCT
transitions at energies above 27 000 cm−1, but also contains a
low-intensity transition to the 4B2 (dxy → dx2−y2) state at 24 292
cm−1 (Figure 3 and Table S9). In this region, the LMCT

transitions result from excitation from the oxo pσ MOs (pz) to
the Mn dxy MO. Bands 8, 9, and 10, which carry significant
absorption intensity, are assigned as the LMCT transitions,
while band 7, which carries less absorption intensity, is
attributed to the 4B2 (dxy → dx2−y2) state (Table 1).
The TD-DFT-derived band assignments are corroborated by

CASSCF/NEVPT2 calculations performed for [MnIV(O)-
(N4py)]2+ (Table 1). Although more computationally intensive
than TD-DFT, the CASSCF/NEVPT2 method is generally
considered to be more robust in treating transition-metal
excited states,89,90 and this method has been used previously to
treat the excited states of FeIV-oxo complexes.33,52 The
CASSCF/NEVPT2 calculations for [MnIV(O)(N4py)]2+ pre-
dict a pair of low-energy transitions at 7176 and 7552 cm−1,
which arise from the 4E (dxz, dyz → dx2−y2) excited state.
Although the energies of these states are lower than those of
bands 1 and 2, the calculated transition energies consistently
shifted to higher energy with increased active space and basis
set size. Thus, it is possible that better agreement with
experiment could be achieved by further increasing these
parameters. Components of the 4E (dxz, dyz → dz2) state are
predicted at 17 085 and 17 252 cm−1, which, is in very good
agreement with the experimental energies of bands 5 and 6 and
TD-DFT results (Table 1). A pair of LMCT transitions are also
predicted in this region (20 620 and 20 873 cm−1), consistent
with experiment (Table 1). Overall, the CASSCF/NEVPT2
results nicely corroborate the spectral assignments, although
the ligand-field transitions energies tend to be underestimated.

MCD Pseudo-A Term Analysis for [MnIV(O)(N4py)]2+.
In cases where excited states are reasonably described by one-
electron orbital excitations relative to the ground-state
configuration, the sign of the MCD C-term can be predicted
by determining transition moment and spin−orbit vectors
through a graphical analysis of the relevant MOs.67 This
approach has been utilized by Solomon,91 Tuczek,92 and
Brunold93 to determine signs of MCD pseudo-A terms from
charge-transfer transitions. Neese has recently determined
MCD signs for the d-d transitions of the FeIV-oxo complex
[FeIV(O)(DMMTPA)(NCMe)]2+ using this method.52 This
analysis is used here to demonstrate that the MCD pseudo-A
term of [MnIV(O)(N4py)]2+ at 10 500 cm−1 (bands 1 and 2)
arises from the 4E (dxz, dyz → dx2−y2) state rather than

4E (dxz,
dyz → dz2). This assignment is important, as it has been
proposed that hydrogen-atom-transfer reactions of [MnIV(O)-
(N4py)]2+ involve the 4E (dxz, dyz → dx2−y2) excited state.51

Figure 3. Top: Experimental electronic absorption spectrum of
[MnIV(O)(N4py)]2+ with individual Gaussian curves (dashed black
traces) and their sums (dashed blue trace) obtained from iterative fits
of the absorption and MCD data. Bottom: TD-DFT-calculated
electronic absorption spectrum of [MnIV(O)(N4py)]2+. Red sticks
represent individual electronic transitions.

Table 1. Energies (cm−1) and Assignments of Electronic Transitions for [MnIV(O)(N4py)]2+ from Experimental Data, as Well
as TD-DFT and CASSCF/NEVPT2 Computations

band expta TD-DFT NEVPT2 assignment

1, 2 10 250, 11 700 12 758, 12 817 7176, 7552 4E (dxz, dyz → dx2−y2)

3 13 750 19 150 20 620 LMCT (oxo pπ → MnIV dxy)
4 16 550 19 452 20 873 LMCT (oxo pπ → MnIV dxy)
5, 6 18 955, 20 915 20 924, 20 933 17 085, 17 252 4E (dxz, dyz → dz2)

7 23 770 24 292 23 076 4B2 (dxy → dx2−y2)

8 26 240 27 392b 26 236c LMCT (oxo → MnIV)
9 29 100 27 898b NDd LMCT (oxo → MnIV)

aExperimental band energies obtained from deconvolution of the MCD spectrum of [MnIV(O)(N4py)]2+. bThe TD-DFT calculations predict these
LMCT transitions to involve donation from the oxo pz MO to the MnIV dxy MO. cThe CASSCF/NEVPT2 calculations predict this LMCT transition
to involve donation from the oxo py MO to the MnIV dyz MO. dOnly 10 quartet states were considered in the CASSCF/NEVPT2 computations. The
10th state is a two-electron ligand-field excited state, which would not be expected to give rise to an electronic absorption band as intense as band 9.
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We first determined the MCD sign of the lower-energy
component, 4Ex (dxz → dx2−y2), where dxz is the donor MO, dyz
is the mixing MO, and dx2−y2 is the acceptor MO. Surface
contour plots of the relevant MOs are shown in Figure 4. We

first evaluated the transition dipole moments, Mi, of the
individual 4Ex (dxz → dx2−y2) and

4Ey (dyz → dx2−y2) components.
The transition moments are determined by the sum of the
ligand N 2p orbitals following the one-electron excitation (the
pure MnIV d orbitals are orthogonal and need not be
considered52). For 4Ex (dxz → dx2−y2), the N 2p “overlap”
between the donor (dxz) and acceptor (dx2−y2) orbitals leads to
loss of N 2p density along the +x axis and gain of density along
the −x axis, resulting in a transition dipole moment along the
−x direction (−Mx). The corresponding analysis for the 4Ey
(dyz → dz2−y

2) transition dipole results in a −My vector. The

spin−orbit vector is determined by the “overlap” of the higher-
energy dxz MO with the dyz MO following a counterclockwise
rotation (or a clockwise rotation of the lower-energy MO into
the higher-energy MO). This procedure leads to destructive
overlap, resulting in −Lz. Together, the transition dipole
moments and the spin−orbit vector create a left-handed
coordinate system (Figure 4), which requires absorption of
right-circularly polarized (RCP) light. This would give a
negative MCD signal for the 4Ex (dxz → dx2−y2) state. A
corresponding analysis for the 4Ey (dyz → dx2−y2) component
flips the sign of the Lz vector, resulting in prediction of a
positive MCD feature.
From this analysis, the expected pseudo-A term for 4E (dxz,

dyz → dx2−y2) should consist of a lower-energy negative feature
and a higher-energy positive feature, as observed for bands 1
and 2 of [MnIV(O)(N4py)]2+ (Figure 1). A corresponding
analysis for the 4E (dxz, dyz → dz2) state, which is presented in
Figure S5, predicts a pseudo-A term where the lower-energy
feature is positively signed, and the higher-energy feature is
negatively signed. This is opposite to that observed for bands 1
and 2. Thus, the graphical analysis supports assignment of the
MCD pseudo-A term at 10 500 cm−1 to the 4E (dxz, dyz →
dx2−y2) state, consistent with the TD-DFT and CASSCF
computations. We note that our MCD analysis is consistent
with a corresponding analysis of the 3E (dxz, dyz → dx2−y2) and
3E (dxz, dyz → dz2) states of [Fe

IV(O)(DMMTPA)(NCMe)]2+.52

Electronic Structure of [MnIV(O)(N4py)]2+ along the
MnIV-Oxo Reaction Coordinate. Our MCD studies of
[MnIV(O)(N4py)]2+ have identified several low-energy excited
states, some of which relate to previous DFT computations
exploring hydrogen-atom and oxygen-atom-transfer reactivity
of MnIV-oxo species.39,51 In this section, we use CASSCF/
NEVPT2 calculations to understand how these excited states
evolve as a function of Mn-oxo elongation, i.e., along the
reaction coordinate in the absence of external substrate. This
approach has been previously applied to understand the
influence of excited-state potential energy surfaces on the
reactivity of both synthetic and biological FeIV-oxo spe-
cies.12,33,94 Although this analysis does not include the impact
of the MnIV-oxo−substrate interaction on the MnIV-oxo states,
it provides a conceptual framework for linking excited-state

Figure 4. Graphical analysis of pseudo-A term sign for 4E (dxz, dyz →
dx2−y2) excited state. The signs and directions of transition dipole
moments (Mx and My) were determined from the “overlap” of donor
(dxz), mixing (dyz), and acceptor (dx2−y2) MOs. The sign of the spin−
orbit coupling vector (Lz) was determined through the rotation
properties of the donor and mixing MOs. The resulting left-handed
coordinate system of the transition dipole moment and spin−orbit
coupling vectors requires absorption of a right-circularly polarized
(RCP) photon.

Figure 5. Potential energy surfaces of the lowest-energy states of [MnIV(O)(N4py)]2+ as a function of the MnO distance. Energies were obtained
from CASSCF/NEVPT2 calculations. The leading configurations for each state are shown in the right-hand panels, with percentages pertaining to
the equilibrium MnO distances.
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spectroscopic data with electronic structure contributions to
reactivity. Moreover, the excited-state reactivity of MnIV-oxo
centers has been predicted to be operative in both hydrogen-
atom-transfer51 and oxygen-atom-transfer reactions.39 This
would tend to imply that the excited-state reactivity is a
manifestation of intrinsic properties of the MnIV-oxo species
and does not depend solely on interactions with a particular
substrate.
Potential energy surfaces for the ground and several excited

states of [MnIV(O)(N4py)]2+, computed at the CASSCF/
NEVPT2 level, are shown in Figure 5. The black vertical line in
Figure 5 represents the equilibrium Mn-oxo distance of 1.673
Å, and the red vertical line marks the hydrogen-atom-transfer
transition-state distance from previous DFT computations
(1.76 Å). In the CASSCF approach, each state is described
according to leading electronic configurations. The occupancy
for the frontier MOs for the relevant configurations are shown
in the right-hand panels of Figure 5, and surface contour plots
of the frontier MOs are included in Figure 6. The CASSCF
MOs are quite similar to the DFT-derived MOs shown in
Figure 2 but are less covalent.

At the equilibrium MnIV-oxo distance, the 4B1 ground state is
dominated by the (oxo pz)

2(oxo px, py)
4(Mn dxy)

1(Mn dxz, dyz)
2

configuration, with only 6% contribution from a MnIII-oxyl
configuration (S = 1 MnIII coupled to an S = 1/2 oxyl radical).
The MnIII-oxyl configuration is related to the ground
configuration by an oxo pz to MnIV dz2 one-electron excitation
and will be referred to as MnIII-oxyl(σ). This configuration
creates a hole in a low-lying oxo orbital oriented along the
MnO vector (the oxo pz MO; see Figure 6), which, in
principle, could facilitate hydrogen-atom transfer by the so-
called σ-pathway. The energy of the 4B1 state increases steadily
as the Mn-oxo distance is elongated (Figure 5), but the
composition of the 4B1 wave function remains fairly static. This
is demonstrated in Figure 7 (top), which shows the percent
contributions of the leading configurations as a function of
MnO distance. At the transition-state distance of 1.76 Å, the
MnIII-oxyl(σ) character has only increased to 8% of the overall
wave function. Insofar as oxyl character is important for

mediating hydrogen-atom transfer, the low oxyl character in the
ground state is in accordance with the high transition-state
energy for the 4B1 surface from previous DFT calculations.39,51

Moreover, the behavior of the MnIV-oxo ground state is quite
different than that observed in CASSCF/CASPT2 calculations
for the S = 2 FeIV-oxo complex [FeIV(O)(TMG3tren)]

2+

(TMG3tren =1,1,1-tris(2-(N2-(1,1,3,3-tetramethylguanidino))-
ethyl)amine).33 In that case the ground-state wave function
carried ∼45% FeIII-oxyl(σ) character near the transition state,
and this was proposed to facilitate hydrogen-atom transfer by
the σ-pathway involving the FeIV dz2 and oxo pz orbitals.
The lowest-lying excited states from the CASSCF/NEVPT2

calculations on [MnIV(O)(N4py)]2+ are a nearly degenerate
pair of doublet states, which arise from an (oxo pz)

2(oxo py,
px)

4(Mn dxy)
2(Mn dxz, dyz)

1 configuration (2E in Figure 5).
These states are only 4300 cm−1 above the 4B1 ground state at
the equilibrium geometry, and they increase in energy as the
Mn-oxo bond is elongated. At very short Mn-oxo distances,
when the splitting between the Mn dxy and (dxz, dyz) MOs is
large due to stronger Mn-oxo π-interactions, these doublet
states become nearly degenerate with the 4B1 ground state
(Figure 5). Given their close energetic proximity to the ground
state, the 2E state could, in principle, offer an alternative
reaction channel for hydrogen-atom transfer. Indeed, DFT
calculations for the reaction of [MnIV(O)(N4py)]2+ with
cyclohexadiene predicted a fairly low-energy transition state
on the doublet surface of 16.2 kcal/mol (5700 cm−1).39 Our
CASSCF/NEVPT2 calculations suggest that this transition
state involves the 2E state identified here, which is ∼5000 cm−1

above the 4B1 ground state (Figure 5). However, utilization of
the doublet surface for hydrogen-atom transfer requires an
initial spin crossing from the 4B1 ground state, and subsequent
spin crossing is necessary to reach the stable sextet spin state of
the MnIII center of the intermediate generated following
hydrogen-atom transfer (Scheme 1). These spin crossings will

Figure 6. Surface contour plots of frontier MOs from CASSCF
calculations for [MnIV(O)(N4py)]2+ at the equilibrium geometry.

Figure 7. Percent contributions from leading electronic configurations
of the 4B1 ground state (top) and 4E(dxz, dyz → dx2−y2) excited state
(bottom) as a function of MnO distance for [MnIV(O)(N4py)]2+.
Vertical lines mark the MnO distances at the equilibrium (black)
and transition-state (red) geometries.
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introduce additional barriers for reactivity, as noted previ-
ously.39 Thus, these 2E states, although low in energy, are likely
not conduits for hydrogen-atom transfer.
Slightly above the 2E state lies the 4E (dxz, dyz → dx2−y2)

excited state (Figure 5). The components of the 4E (dxz, dyz →
dx2−y2) state are observed experimentally near 10 000 cm−1

(bands 1 and 2, Table 1). As previously noted, the CASSCF/
NEVPT energies are in good agreement with their experimental
counterparts (∼8300 cm−1).95 From the CASSCF/NEVPT2
calculations, the 4E (dxz, dyz → dx2−y2) energy relative to the 4B1
surface increases slightly to ∼9900 cm−1 at the transition-state
distance of 1.76 Å (Figure 5). The destabilization of 4E (dxz, dyz
→ dx2−y2) during MnO elongation is attributed to a decrease
in energy of the MnIV dxz and dyz MOs caused by weakened
Mn-oxo π-interactions. At the equilibrium MnO distance of
1.67 Å, the 4E (dxz, dyz → dx2−y2) wave function carries a 15%
contribution from the (oxo pz)

2(oxo py, px)
3(Mn dxy)

1(Mn dxz,
dyz)

2(Mn dx2−y2)
1 configuration (Figure 5, right). This

configuration creates a hole in the oxo px,y orbitals and will
be described as MnIII-oxyl(π). At the transition state, the weight
of the MnIII-oxyl(π) configuration has increased to ∼25% of the
4E (dxz, dyz → dx2−y2) wave function, and MnIII-oxyl(π) is the
dominant configuration beyond 1.85 Å (Figure 7, bottom).
Thus, although the 4E (dxz, dyz → dx2−y2) state is higher in
energy than the ground state, the greater oxyl character could,
potentially, better facilitate hydrogen-atom transfer. The nature
of the oxyl character, MnIII-oxyl(π), would also suggest a π-
pathway for hydrogen-atom transfer, which requires substrate
approach perpendicular to the MnO vector. Together, these
results support previous DFT computations, which found that
the 4E (dxz, dyz → dx2−y2) excited state, with high MnIII-oxyl
character and a transition-state geometry suggestive of a π-type
hydrogen-atom transfer, led to a lower-energy transition state
than the 4B1 ground state.51

The central difference between the CASSCF/NEVPT2 and
DFT results is the energy of the 4E (dxz, dyz → dx2−y2) excited
state, which is much lower in the DFT calculations that include
substrate. This has been observed in previous calculations for
FeIV-oxo complexes.33 Specifically, CASSCF/CASPT2 calcu-
lations for [FeIV(O)(TMG3tren)]

2+ predict ligand-field and
charge-transfer excited states ∼4000 and 8000 cm−1 (11 and 23
kcal/mol), respectively, above the electronic ground state at the
transition-state FeO distance of ∼1.76 Å. In contrast, the
DFT-calculated transitions-state energies for σ-attack, utilizing
the ground state, and π-attack, utilizing the excited states, is
only 3 kcal/mol. In that study, the greater stabilization of the
excited states upon interaction with substrate was attributed to
those excited states being better prepared for hydrogen-atom
transfer.33 We propose that the 4E (dxz, dyz → dx2−y2) excited
state of [MnIV(O)(N4py)]2+ is also well-prepared for hydro-
gen-atom transfer, leading to its stabilization relative to 4B1 in
the presence of substrate. We expand upon this proposal in the
Discussion.
In contrast to the 4E (dxz, dyz → dx2−y2) excited state, whose

energy relative to the 4B1 ground state remains fairly constant
with MnO elongation, the 4E (dxz, dyz → dz2) and

6E states
are stabilized relative to 4B1 at longer MnO distances (Figure
5). The potential energy surfaces for these states show energy
minima around 1.76 and 1.80 Å, respectively. The 4E (dxz, dyz
→ dz2) state has significant MnIII-oxyl character at all MnO
distances, but increases from 21% at the equilibrium distance to
36% at the transition-state distance. The 6E state arises from a
high-spin MnIII center ferromagnetically coupled to an S = 1/2

oxyl radical. Although the large MnIII-oxyl character of these
states could suggest they should be quite reactive for hydrogen-
atom transfer, the energies of these states are very high. Even at
a MnO distance of 1.80 Å, the 4E (dxz, dyz → dx2−y2) and

6E
states lie ∼17 000−18 000 cm−1 (∼50 kcal/mol) above the 4B1
ground state. These results are in agreement with our
spectroscopic data, which predict a high energy for the 4E
(dxz, dyz → dx2−y2) state (see Table 1), and with previous DFT
calculations that predict a high transition-state barrier for
hydrogen-atom transfer on the sextet surface.51

■ DISCUSSION
Manganese(IV)-oxo complexes have been implicated in a
variety of synthetic and biologically important hydrogen- and
oxygen-atom-transfer reactions. Although many mononuclear
MnIV-oxo species are rather sluggish oxidants, only reacting
with fairly activated C−H bonds at modest rates,15,62,64,96,97

several recently reported MnIV-oxo adducts are capable of
attacking more obdurate substrates with reaction rates
approaching those of FeIV-oxo analogues.38,39,41 Detailed
computational studies of the more reactive MnIV-oxo species
have suggested a complicated reaction landscape, where both
hydrogen- and oxygen-atom-transfer reactions are facilitated by
electronic excited states offering fairly low transition-state
barriers (Scheme 1). In this study we have provided detailed
insight into the excited-state electronic properties of [MnIV(O)-
(N4py)]2+, which is one of the more reactive MnIV-oxo
species.34,35,37 Our spectroscopic data were used as a basis for
developing potential energy surfaces along the hydrogen-atom-
transfer reaction coordinate in the absence of an external
substrate (Figure 5). These data also provide experimental
corroboration for a previously predicted excited-state reactivity
model based on DFT computations for [MnIV(O)-
(N4py)]2+.39,51 Collectively, the results of our combined
experimental and theoretical investigations can be used to
compare MnIV-oxo complexes with disparate reactivity and
evaluate DFT-based predictions regarding the excited-state
reactivity of [MnIV(O)(N4py)]2+.

Comparison of Mononuclear MnIV-Oxo Complexes:
[MnIV(O)(N4py)]2+, [MnIV(O)(BnTPEN)]2+, and [MnIV(O)-
(OH)(Me2EBC)]

+. The handful of nonporphyrinic, mononu-
clear MnIV-oxo complexes known to mediate hydrogen-atom-
transfer reactions show reaction rates spanning 4 orders of
magnitude.38,41,60,62,97,98 The [MnIV(O)(BnTPEN)]2+,38

[MnIV(O)(N4py)]2+,40,41 and [Mn(O)(OH)(Me2EBC)]
+65

complexes shown in Figure 8 serve as representative examples.

These complexes all feature MnIV-oxo units in a tetragonal
geometry and show C−H bond oxidation rates decreasing in
the order [MnIV(O)(BnTPEN)]2+ > [MnIV(O)(N4py)]2+ >
[MnIV(O)(OH)(Me2EBC)]

+.99 In the Supporting Information,
we discuss bonding comparisons between these complexes that
are useful for evaluating frontier MO theory as a tool for

Figure 8. Molecular structures of [MnIV(O)(BnTPEN)]2+, (left)
[MnIV(O)(N4py)]2+ (center), and [MnIV(O)(OH)(Me2EBC)]

+

(right).
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understanding their reactivity. Our comparisons of [MnIV(O)-
(N4py)]2+ and [MnIV(O)(OH)(Me2EBC)]

+ are facilitated by
detailed spectral assignments for both complexes.61 This
analysis suggests that the MnIV-oxo bonding in [MnIV(O)-
(N4py)]2+, [MnIV(O)(BnTPEN)]2+, and [MnIV(O)(OH)-
(Me2EBC)]

+ is quite similar, with the perturbations in
electronic transition energies largely reflective of differences
of the supporting ligands. Consequently, it is challenging to
understand the variations in hydrogen-atom-transfer reactivity
on the basis of oxo character in the orbitals of the electronic
ground state (Table S9).
However, there is a correlation between the energy of the

near-IR absorption maxima of these complexes and their
hydrogen-atom-transfer reaction rates. The near-IR absorption
maxima increase in the order [MnIV(O)(BnTPEN)]2+ (9600
cm−1),38 < [MnIV(O)(N4py)]2+ (10 500 cm−1), < [MnIV(O)-
(OH)(Me2EBC)]

+ (11 500 cm−1).61 Thus, for this very limited
set of complexes, a lower-energy absorption band correlates
with a faster rate of hydrogen-atom transfer. This relationship
could imply the involvement of this excited state in the
hydrogen-atom-transfer process.
Accordingly, we investigated the excited-state properties of

[MnIV(O)(BnTPEN)]2+ and [MnIV(O)(OH)(Me2EBC)]
+

using CASSCF/NEVPT2 calculations. Unfortunately, even
with a large CAS(11,15) active space, we were unable to
achieve reasonable agreement with the experimental excited-
state energies for [MnIV(O)(OH)(Me2EBC)]

+ (differences
between experiment and theory were greater than 5000 cm−1).
However, CASSCF/NEVPT2 calculations for [MnIV(O)-
(BnTPEN)]2+ at its equilibrium geometry predict the
components of the 4E (dxz, dyz → dx2−y2) excited state at
6200 cm−1 (Figure S7), in acceptable agreement with the
experimental near-IR absorption maximum near 9600 cm−1.
Importantly, these calculations, predict a modest red-shift of
this excited state relative to that of [MnIV(O)(N4py)]2+, in
reasonable agreement with the experimental shift of ∼1000
cm−1. The energy splitting between the 4B1 and

4E (dxz, dyz →
dx2−y2) states of [MnIV(O)(BnTPEN)]2+ is insensitive to the
Mnoxo distance (Figure S7). At the transition-state MnO
separation of 1.76 Å, the 4E (dxz, dyz → dx2−y2) excited state is
still 6200 cm−1 above the 4B1 ground state. The 4E (dxz, dyz →
dx2−y2) state of [MnIV(O)(BnTPEN)]2+ also has slightly greater

MnIII-oxyl(π) character compared to [MnIV(O)(N4py)]2+ (30
and 25% oxyl character at the transition-state distance,
respectively; cf. Figures 8 and S9). In comparison the 4B1
ground state of [MnIV(O)(BnTPEN)]2+ has very minor oxyl
character of 10% at the transition-state MnO distance. Thus,
while the ground-state bonding descriptions of [MnIV(O)-
(BnTPEN)]2+ and [MnIV(O)(N4py)]2+, are quite similar the
4E (dxz, dyz → dx2−y2) excited state of [MnIV(O)(BnTPEN)]2+

has both a lower energy and a greater oxyl character compared
with that of [MnIV(O)(N4py)]2+. These factors could account
for the enhanced hydrogen-atom-transfer rate observed for
[MnIV(O)(BnTPEN)]2+.38

The present analysis provides support for the excited-state
reactivity model, but it is not without caveats. This comparison
is complicated by the difference in charge and ligand-type for
the [MnIV(O)(OH)(Me2EBC)]

+ complex, as well as the
different solvent used for the reactivity studies.65 These changes
relative to [MnIV(O)(N4py)]2+ and [MnIV(O)(BnTPEN)]2+

could very well contribute to the observed differences in
hydrogen-atom-transfer reaction rates. In addition, it is
unknown if the near-IR absorption maxima correlate with
some other parameter, such as MnIV reduction potential, that
could also explain trends in the reaction rates. What is currently
lacking is a set of MnIV-oxo complexes where systematic
changes in ligand electronic properties can be correlated with
reactivity data collected under common experimental con-
ditions.

Excited-State Reactivity of [MnIV(O)(N4py)]2+: Oxyl
Character and Thermodynamic Driving Force. The
excited-state reactivity proposed by Nam and Shaik offers an
intriguing model for understanding hydrogen-atom transfer for
[MnIV(O)(N4py)]2+ and related MnIV-oxo complexes.39,51 Our
spectroscopic data provide unambiguous experimental support
that the near-IR electronic absorption band of [MnIV(O)-
(N4py)]2+ is due to the low-lying 4E (dxz, dyz → dx2−y2) excited
state proposed to participate in hydrogen-atom transfer. Our
CASSCF/NEVPT2 calculations for [MnIV(O)(N4py)]2+ also
predict that the 4E (dxz, dyz → dx2−y2) excited state has
substantially more MnIII-oxyl character than the 4B1 ground
state (Figure 7). Manganese-oxo bond elongation, such as that
expected along the hydrogen-atom-transfer reaction coordinate,
increases the MnIII-oxyl character in the excited state. These

Figure 9. Representation of CASSCF/NEVPT2 potential energy surfaces for 4B1 ground state and 4E (dxz, dyz → dx2−y2) excited state (left) and
dominant configurations contributing to the CASSCF wave functions (right). The red ellipses in the configuration diagrams represent electron-
accepting orbitals for hydrogen-atom transfer involving these configurations. Surface contour plots of these orbitals are shown next to their
corresponding configuration diagrams.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.6b08661
J. Am. Chem. Soc. 2016, 138, 15413−15424

15421

http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08661/suppl_file/ja6b08661_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08661/suppl_file/ja6b08661_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08661/suppl_file/ja6b08661_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08661/suppl_file/ja6b08661_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b08661


results, which are also in excellent agreement with previous
DFT investigations,39,51 could explain why the 4E (dxz, dyz →
dx2−y2) state has a lower barrier for hydrogen-atom transfer.
Greater oxyl character is commonly assumed to lead to
enhanced reactivity.100,101 However, there is an alternative
explanation for the lower-energy transition state on the 4E
surface.
Saouma and Mayer have postulated that transition-state

energies for different spin surfaces largely reflect the driving
force on those particular surfaces (i.e., application of the Bell-
Evans-Polayni principle).32 This is born out in the DFT
calculations exploring hydrogen-atom transfer by [MnIV(O)-
(N4py)]2+. In calculations with cyclohexane as substrate,
hydrogen-atom transfer on the ground-state 4B1 surface is
uphill by 20.2 kcal/mol, while the process on the excited-state
4E (dxz, dyz → dx2−y2) surface is uphill by only 10.0 kcal/mol.51

Thus, the difference in transition-state energy could reflect the
difference in driving force rather than the oxyl character.
Importantly, this difference in driving force can be under-

stood on the basis of the leading electronic configurations
contributing to the CASSCF/NEVPT2 wave functions for the
4B1 and 4E (dxz, dyz → dx2−y2) states. The 4B1 state consists
predominantly of a (oxo pz)

2(oxo py, px)
4(Mn dxy)

1(Mn dxz,
dyz)

2 configuration (Figure 9). Considering only this config-
uration, the hydrogen-atom-transfer process will involve the
transfer of an electron to β-spin dxz or dyz MO. This electron
transfer to a partially filled MO incurs a spin-pairing penalty
and results in the formation of an unstable intermediate spin (S
= 1) MnIII center in the nascent intermediate formed following
the hydrogen-atom transfer. This was noted by Nam and
Shaik.51 The formation of an unstable MnIII product will reduce
the thermodynamic favorability of this process on the 4B1
surface. The spin pairing energy would be avoided if this
process were to utilize the MnIII-oxyl(σ) configuration, which
contributes 8% to the 4B1 wave function at the transition-state
Mn-oxo distance (Figure 9). This configuration contains a β-
spin hole in a low-lying oxo pz orbital. Transfer of an electron
to the oxo pz MO would still result in an intermediate-spin (S =
1) MnIII center. While this intermediate avoids spin pairing, it
results in an electron in a higher-energy MO (the MnIV dz2-
based MO; see Figure 9). Consequently, although the oxyl
character might suggest inherent reactivity, the generation of a
higher-energy MnIII intermediate will dampen the reactivity.
Consequently, electron-transfer processes on the 4B1 surface
result in the formation of a MnIII intermediate with an excited
configuration, explaining the unfavorable thermodynamic
driving force for this pathway.
Alternatively, the configurations describing the 4E (dxz, dyz →

dx2−y2) excited-state CASSCF/NEVPT2 wave function are
better prepared for hydrogen-atom transfer, insofar as they
lead to a MnIII intermediate with a low-energy electronic
configuration. In fact, they lead to the (dxy)

1(dxz, dyz)
2(dx2−y2)

1

configuration, which is expected to be the ground-state
configuration of the MnIII-hydroxo intermediate following
hydrogen-atom transfer. This is true whether one considers
either the MnIV-oxo or MnIII-oxyl(π) configurations that
dominate the 4E (dxz, dyz → dx2−y2) wave function at the
transition state (Figure 9). The MnIV-oxo configuration
contributing to 4E (dxz, dyz → dx2−y2) contains a hole in an α-
spin dxz or dyz orbital; thus, transfer of an electron to one of
these orbitals results in the formation of high-spin MnIII

intermediate with a (dxy)
1(dxz, dyz)

2(dx2−y2)
1 configuration, and

any spin-paring penalty is avoided. Along the same lines, the

MnIII-oxyl(π) configuration would result in electron-transfer to
a low-lying oxyl π-type orbital, also generating a high-spin MnIII

intermediate (Figure 9). Thus, while the transition-state
energies reflect the overall thermodynamic driving force on a
given spin surface, the basis for the thermodynamic energies
can be understood using orbital arguments. This is useful, as it
is often quite difficult to establish accurate driving forces for
hydrogen-atom-transfer reactions from experiment, especially
for the more reactive metal-oxo adducts.
Finally, it could be argued that greater MnIII-oxyl character in

the 4E (dxz, dyz → dx2−y2) wave function would better facilitate
hydrogen-atom-transfer processes by these oxidants. This
would certainly follow frontier MO theory arguments, which
would predict the hole in the lower-energy oxo orbital would
result in a more electrophilic oxidant than a hole in a Mn-based
dxz or dyz MO. However, the most powerful predictors of
reactivity are those which can be subjected to straightforward
experimental interrogation. It is difficult to predict how to make
chemical changes to MnIV-oxo complexes to increase MnIII-oxyl
character in this excited state. Lower-energy oxo-to-MnIV

LMCT bands could facilitate MnIII-oxyl character through
configuration interaction, but it is not obvious how to stabilize
these LMCT excited states. Alternatively, the excited-state
reactivity model makes the more general prediction that a
lower-energy 4E (dxz, dyz → dx2−y2) excited state should also
facilitate more rapid hydrogen-atom-transfer processes, regard-
less of whether the MnIV-oxo or MnIII-oxyl(π) configuration
dominates. This prediction could be tested experimentally
through judicious choice of ligand derivatives. A weakening of
the MnIV equatorial ligand field should provide a stabilization of
the dx2−y2 acceptor orbital, lowering the 4E (dxz, dyz → dx2−y2)
excited state. If this excited state is utilized for hydrogen-atom-
transfer reactivity, this should then increase the corresponding
reaction rate.

■ CONCLUSIONS

In this study, we have investigated the ground- and excited-state
properties of [MnIV(O)(N4py)]2+, which is one of the more
reactive MnIV-oxo complexes, using a combination of electronic
absorption, MCD, and VTVH MCD spectroscopies and DFT
and CASSCF/NEVPT2 computations. A graphical analysis was
used to predict the sign of MCD C-terms, which led to the
unambiguous assignment of bands 1 and 2 to the 4E (dxz, dyz →
dx2−y2) excited state. This is the same excited state implicated in
hydrogen- and oxygen-atom-transfer reactions by previously
reported DFT computations.39,51 Thus, our data provide
experimental support that hydrogen-atom transfer by
[MnIV(O)(N4py)]2+ could be mediated by excited-state
reactivity. Nonetheless, an important challenge remains in
rationalizing the hydrogen-atom-transfer reactivity trends for
the diverse set of MnIV-oxo species reported in the literature.
Our comparison of the electronic structures of [MnIV(O)-
(N4py)]2+ and [MnIV(O)(OH)(Me2EBC)]

+ underscores the
influence of the supporting ligand in perturbing spectroscopic
properties, when variations in Mn-oxo bonding might actually
be quite minor. Detailed kinetic, spectroscopic, and computa-
tional studies of additional systems, preferably those with
systematically perturbed ligand fields, will be needed to refine
further our understanding of the complex MnIV-oxo reaction
landscape.
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