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Abstract

Analysis of extended X-ray absorption fine structure (EXAFS) data for the Mn!V-oxo complexes
[Mn!V(0)(PMMN4py)]2*, [Mn!V(0)(2pyN2B)]?*, and [Mn!V(0)(2pyN2Q)]** (PMMN4py = N.N-
bis(4-methoxy-3,5-di methyl-2-pyridylm ethyl)- N-bis(2-pyridyl)methylamine; 2pyN2B = (/V-
bis(1-methyl-2-benzimidazolyl)methyl- V-(bis-2-pyridylmethyl)amine, and 2pyN2Q = N, N-bis(2-
pyridyl)-N, N-bis(2-quinolylmethyl)methanamine) afforded Mn=0 and Mn-N bond lengths. The
Mn=0 distances for [Mn!V(O)(PMMN4py)]|2*+ and [Mn!Y(0)(2pyN2B)]2+ are 1.72 and 1.70 A,
respectively. In contrast, the Mn=0 distance for [Mn!V(0)(2pyN2Q)]** was significantly longer
(1.76 A). We attribute this long distance to sample heterogeneity, which is reasonable given the
reduced stability of [Mn!Y(0)(2pyN2Q)]%*. The Mn=0 distances for [Mn!Y(0)(PMMN4py)|2* and
[MnV(0)(2pyN2B)]** could only be well-reproduced using DFT-derived models that included
strong hydrogen-bonds between second-sphere solvent 2,2,2-trifluoroethanol molecules and the
oxo ligand. These results suggest an important role for the 2,2,2-trifluoroethanol solvent in
stabilizing Mn!Y-oxo adducts. The DFT methods were extended to investigate the structure of the
putative [MnIV(O)(N4py)]2+-(HOTf)2 adduct. These computations suggest that a MnIV-hydroxo
species is most consistent with the available experimental data.

Graphical Abstract:

Extended X-ray absorption fine structure (EXAFS) experiments for a series of oxomanganese(IV)
species revealed manganese-oxygen bond distances longer than that predicted by DFT
calculations. Further DFT studies with explicit trifluroethanol solvent molecules indicated that
hydrogen bonding from the solvent lengthens the Mn=0O bond.
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Supporting Information. Fits of XAS pre-edge features, EXAFS fitting parameters, TD-DFT-computed pre-edge properties,
molecular structures and metric parameters for DFT-optimized models of Mn!V-oxo and MnIV—hydroxo complexes, and Cartesian
coordinates for all DFT-optimized models.
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EXAFS & DFT data suggest solvent H-
bonding lengthens Mn=0 bond
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Introduction

High-valent metal-oxo species are often utilized in biological and synthetic oxidation
reactions. These reactive centers are important for hydrogen atom transfer (HAT) reactions,
which can serve as an initial step for the hydroxylation, halogenation, or desaturation of
substrate C—H bonds.!' In cytochrome P450 enzymes, Fe!V-oxo porphyrin radical centers
are proposed as a key intermediate in the functionalization of a wide range of C—H bonds.[?]
Additionally, taurine/a-ketoglutarate dioxygenase (TauD) is proposed to utilize an Fe!V-oxo
center for the functionalization of the small molecule taurine.[1d: ¢ 3] The use of well-
characterized Fe!V-oxo model complexes has provided insight into the reactivity of these
enzyme intermediates.!4! Importantly, these model systems have permitted detailed structural
information for Fe!V-oxo complexes supported by a variety of ligand types. Since the first
crystal structure of an FelV-oxo center was published in 2003,1%] there have been more than
60 other Fe!V-oxo complexes reported in the literature featuring non-porphyrinic supporting
ligands.[*! These species have been investigated spectroscopically and, in some cases,
structurally, and extensive work has been done to understand their reactivity for a broad
range of oxidation reactions.

In contrast, there is far less information concerning the structural properties of Mn!Y-oxo
centers. To date, there is only a single example of an X-ray diffraction (XRD) structure for a
mononuclear Mn!V-oxo complex, [Mn!Y(0)(ditox)3]~ (where Hditox = ‘Bu,MeCOH). (6]
The Mn!V-oxo coordination sphere in this complex consists of three alkoxide ligands, to
give a distorted pseudo-tetrahedral geometry with approximate C3, symmetry. Presumably
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the all oxygen, trianionic ligand field stabilizes the Mn!Y-oxo unit. While this stabilization
allowed for characterization by XRD, the strongly anionic ligand field also resulted in muted
HAT reactivity.[0]

The most reactive Mn!Y-oxo centers reported to date feature neutral pentadentate ligands,
and these complexes include [Mn!Y(O)(N4py)]>* and [Mn!V(O)(Bn-TPEN)|?* (N4py =
N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine) and Bn-TPEN = N-benzyl-N,N’ N
’-tris(2-pyridylmethyl)-1,2-diaminoethane)).”] With the help of DFT calculations, the
enhanced reactivity of these complexes was credited to a low-lying ligand-field excited state
that offers a lower energy barrier for HAT than the ground state.!3! Inspired by this reactivity
model, our groups introduced ligand perturbations to directly tune the energy of this excited
state and determine any corresponding change in reactivity. These efforts led to the
generation of the [Mn!Y(0)(PMMN4py)]%*, [Mn!V(0)(2pyN2B)]%*, and [Mn!V(0)
(2pyN2Q)]2+ complexes (Figure 1), which showed a range of reaction rates with
hydrocarbons.°]

While this series of Mn!V-oxo centers are all well-characterized spectroscopically,
experimental insight into their structural properties is largely lacking. Although Mn K-edge
X-ray absorption spectroscopy (XAS) has served as an extremely useful technique for
characterization of Mn!V-oxo centers, this method has been incompletely applied to several
of these complexes. 7P ¢ 10l MN K-edge XAS data for Mn!V-oxo complexes of the N4py,
DMMN4py, 2pyN2B, and 2pyN2Q ligands were previously reported.[®-191 For [Mn!V(0)
(N4py)]**, a thorough analysis of both the pre-edge and EXAFS regions was described.
[7b.10a] Eor the Mn!V-oxo complexes of the P"MMN4py, 2pyN2B, and 2pyN2Q ligands,
however, the prior analysis only included the edge and pre-edge regions.Unfortunately,
Mn!V-oxo formation for this series is dependent on the use of 2,2,2-trifluoroethanol (TFE) as
either a solvent or co-solvent. Halogenated solvents are nearly opaque to lower energy X-
rays, and therefore interfere with the XAS measurements.I!!] The solvent requirement for
oxo formation could be attributed to the use of iodosobenzene (PhIO) as an oxidant for
accessing the Mn!V-oxo species, as PhIO exhibits limited solubility in most solvents and its
dissolution requires the use of a protic solvent. However, another explanation could be that
TFE provides a unique complex-solvent interaction that leads to stabilization of these Mn!V-
oxo adducts in solution.

In this present study, we describe the analysis of EXAFS data for Mn!V-oxo complexes
supported by the PMMN4py, 2pyN2B, and 2pyN2Q ligands in order to determine Mn-ligand
metric parameters. These experimental metric parameters are in good agreement with those
from DFT-derived models of the Mn!V-oxo complexes that included second-sphere solvent
(TFE) molecules. In each complex, these solvent molecules engage in strong hydrogen-
bonding interactions with the oxo ligand, which leads to elongation of the Mn=0 bond by
ca. 0.02 A. These results suggest that the protic TFE solvent molecules could play an
important role in stabilizing this class of Mn!V-oxo adducts. DFT calculations performed to
investigate analogous hydrogen-bonding interactions for the Fe!V-oxo complex [Fe!V(O)
(N4py)]?* showed weaker hydrogen bonding when compared to the [Mn!V(O)(N4py)]**
complex. We also extended our DFT calculations to investigate the structure of the putative
[Mn!V(0)(N4py)]**-(HOTY), adduct observed when [Mn!Y(O)(N4py)]?* is treated with
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triflic acid.['?] Our computations suggest that, in this case, a Mn!Y-hydroxo species is most
consistent with experimental observations.

Experimental and Computational Methods

Materials, Instrumentation, and Synthesis.

All chemicals and solvents were purchased from commercial vendors and were ACS
reagent-grade quality or better. All chemicals were used as received, with the exception of
MeCN and diethylether, which were sparged with argon and dried as described previously.
(131 Mn!l(OTf),-2CH;CN, used for preparation of metal complexes, was synthesized
according to a previously reported procedure.l!#] Todosobenzene was prepared from
iodosobenzene diacetate following a published procedure without modification.l'?] Ligands
and corresponding Mn!I complexes were prepared as described previously.[?- 16] The
formation of the Mn!Y-oxo species were monitored by electronic absorption spectroscopy
using either a Varian Cary 50 Bio or an Agilent 8453 spectrophotometer. Both
spectrophotometers were interfaced with Unisoku cryostats (USP-203-A), capable of
maintaining temperatures of 25 °C.

Preparation of XAS Samples.

A 10 mM sample of [Mn!V(0)(PMMN4py)|2* was prepared by dissolving 12.5 mg (0.015
mmol) [Mnll(OTf)(PMMN4py)]|(OTf) in 0.5 mL 2,2,2-trifluoroethanol (TFE), combining it
with 6.6 mg (0.027 mmol) PhIO in 1 mL TFE and placing the reaction mixture into a 0.2 cm
cuvette. The formation of [Mn!Y(0)(PMMN4py)]2+ was monitored by electronic absorption
spectroscopy. At maximum formation, two XAS samples were prepared and flash frozen in
liquid nitrogen.

A 10 mM XAS sample of [Mn!Y(0)(2pyN2B)]?* was prepared by dissolving 16.5 mg
(0.020 mmol) [Mn'}(OH,)(2pyN2B)](OTf)? in 2 mL of a TFE solution containing 44.0 mg
(0.20 mmol) PhIO. The reaction mixture was placed into a 0.2 cm cuvette, where the
formation of [Mn!V(O)(2pyN2B)]?* was monitored by electronic absorption spectroscopy.
At maximum formation, two XAS samples were prepared and flash frozen in liquid
nitrogen.

A 10 mM sample of [Mn!Y(0)(2pyN2Q)]?+ was prepared by dissolving 12.3 mg (0.015
mmol) [MnH(OTf)(2pyN2Q)](OTf) in 0.5 mL TFE and 24.8 mg (0.11 mmol) PhIO in 1 mL
TFE, which were mixed using a vortex mixer for 15 seconds. Two separate XAS samples
were immediately prepared and flash frozen.

XAS Data Collection.

XAS data for all samples were collected at beamline 9-3 at the Stanford Synchrotron
Radiation Lightsource (SSRL). Mn K-edge X-ray absorption spectra were collected over an
energy range of 6.3 to 7.4 keV (Si(220) monochromator). The frozen samples were
maintained at 10 K during data collection by an Oxford liquid He cryostat. XAS spectra
were obtained as fluorescence excitation spectra using a Canberra 100-element Ge array
detector. A reference spectrum of a manganese foil was collected for each scan and an
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internal calibration was performed by setting the zero crossing of the second derivative of
the K-edge energy of the reference spectra to 6539.0 keV. The high flux at beamline 9-3 led
to photo-reduction of the Mn!Y-oxo samples. When multiple scans were collected on a
single spot of the frozen sample, there was a noticeable shift of the edge to a lower energy.
To reduce the effects of photoreduction, the beam was moved to different spots on the
sample and only one scan was collected per spot. Four scans were collected for [Mn!V(0)
(PMMN4py)]2*, while nine scans with a smaller horizontal gap were collected for [Mn!Y(0O)
(2pyN2Q)]%*. Nine scans were collected for [Mn!V(0)(2pyN2B)]3*.

XAS Data Analysis.

XAS data analysis was performed using the Demeter software package.!!”! Individual scans
of raw data were analyzed and combined using Athena, and extended X-ray absorption fine-
structure (EXAFS) data were fit using Artemis. Phase and amplitude functions utilized in the
fitting of the k3x(k) data were generated by FEFF6,'8] using density functional theory
(DFT) optimized models (vide infra). For each fit, the parameters r, which describes the
average scattering pathway distance, and o2 (Debye-Waller factor) were optimized
individually for each path, and Ej (k= 0 point) was a common variable for all paths. The
parameter describing the degeneracy of the scattering atom, n, was fixed for each fit and
systematically varied between fits in order to achieve better goodness of fit. The goodness of
fit was evaluated using the R-factor (Equation 1).

R= 3 (oo — gV 1=l (hare)? ®

The typical error of analysis of EXAFS-fitted distances is +0.02 A9 Fits of the pre-edge
areas were performed using the FityK software.[20] Pre-edge intensity was normalized
relative to the tail of the fluorescence signal.

Electronic Structure Computations.

All computations were performed using the ORCA software package (versions 3.03 and
4.0.1.2).1211 DFT geometry optimizations employed the TPSS functional?2] with D3
corrections,?3 def2-TZVP (Mn, O, and N) and def2-SVP (C, F, and H) basis sets)[>*l an
SMD solvation model (for 2,2,2-trifluoroethanol))[?3! and a dense integration grid (Grid6 in
ORCA). Tight optimization and SCF criteria were invoked using the TightOpt and TightSCF
keywords. The RI approximation, with def2-TZVP/J and def2-SVP/J auxiliary basis sets,
was used for geometry optimizations. Structures of the Mn!Y complexes were converged to
the 3/2 spin states. Pre-edge properties of the Mn!V-oxo complexes were calculated using the
TD-DFT method,3? at a previously described level of theory,!19¢! Electronic absorption
spectra for Mn!V-hydroxo complexes were calculated using both TD-DFT and CASSCF/
NEVPT2 methods, using levels of theory described previously.[26! Frequency calculations
for all Mn!V-oxo species lacking second-sphere TFE molecules, and [Mn!V(0)(2pyN2Q)]**
(TFE), showed no imaginary frequencies, ensuring that these structures represent true
minima. The [Mn!Y(O)(N4py)]**-(TFE), and [Mn!V(0O)(PMMN4py)|2+.(TFE), structures
each showed one small imaginary frequency (=7.30 and —25.18 cm™!, respectively),
associated with rotational modes of the methyl groups of TFE and the para-methoxy-pyridyl
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moieties, respectively. Attempts to eliminate these imaginary modes through the use of a
denser integration grid or tighter convergence criteria were unsuccessful. Cartesian
coordinates for all DFT optimized models are included as Supporting Information (Tables
S8 — S32).

Because hydrogen-bonding interactions can be quite sensitive to the choice of functional
and/ or basis set,[2”] we evaluated our conclusions regarding the structures of Mn!Y-oxo
complexes with second-sphere TFE molecules by predicting geometries for [Mn!Y(0)
(2pyN2B)]** and [Mn!Y(0)(2pyN2B)]**-(TFE), using different functionals and basis sets.
The results of this procedure, which are collected in the Supporting Information (Table S33),
lead to several conclusions. First, and most importantly, in all systems considered the
inclusion of the second-sphere TFE molecules leads to strong oxo-TFE hydrogen bonding
interactions that cause an elongation of the Mn=0 bond by ca. 0.02 A. While the precise
Mn=0 bond lengths and O---H hydrogen-bonding distances vary depending on the level of
theory employed, the ca. 0.02 A elongation caused by hydrogen-bonding is observed.
Second, for calculations using the TPSS functional, the lack of dispersion corrections or the
use of a larger def2-TZPP basis set leads to longer Mn=0 bonds. Specifically, for [Mn!Y(O)
(2pyN2B)]2*, Mn=0 distances of 1.679 A were calculated for both levels of theory, and for
the [Mn'Y(0)(2pyN2B)]**-(TFE), complex with hydrogen-bonding, distances of 1.702 A
were calculated for both levels of theory. Third, the use of the M06-L functional, with either
the large def2-TZVPP basis set or the ma-def2-SVP (for C and H) and ma-def2-TZVP (for
Mn, O, and N) basis sets with diffuse functions, leads to results quite similar to the TPSS-D3
functional. Fourth, and finally, calculations employing the B3LYP-D3 functional gave
somewhat shorter Mn=0 distances and longer hydrogen-bonding distances, but the Mn=0
bond elongation upon hydrogen-bonding was still observed. Thus, our conclusion that
hydrogen-bonding with TFE molecules can lead to a Mn=0 bond elongation appears to be
fairly robust to the level of DFT theory employed.

Results and Analysis.

Mn K-edge XAS Edge and Pre-edge Properties for Mn!V-oxo Complexes.

The Mn K-edge energies of the [Mn!Y(0)(PMMN4py)12*, [Mn!V(0)(2pyN2B)|*, [Mn!V(0)
(N4py)]** and [Mn!V(0)(2pyN2Q)]?* complexes fall within the narrow range of 6549.8 to
6550.8 eV (Table 1). The Mn K-edge of [Mn!Y(0)(2pyN2Q)]?* is ~0.5 eV lower than those
of [Mn!Y(0)(N4py)]2*, [Mn!V(0)(PMMN4py)|2* and [Mn!V(0)(2pyN2B)]%* (Table 1). This
difference can be appreciated in Figure 2, where the edge energy of [Mn!V(0)(2pyN2Q)]?*
is clearly lower than that of either [Mn!Y(0)(PMMN4py)]2* or [Mn!Y(0)(2pyN2B)]*.
Because the previously reported EPR spectra of [Mn!Y(0)(2pyN2Q)]%* shows a multiline
signal due to the presence of some multi-nuclear species (potentially Mn™IMn!V dimers), the
lower edge energy of this complex is most likely due to the presence of this species.[%2] We
note that the previously reported Mn K-edge energy for [Mn!Y(0)(2pyN2Q)]2*, which was
collected for a different sample, is 0.6 eV lower than that reported here (Table 1).[%2] This
variation in edge energy based on sample preparation further supports our hypothesis that
reduced sample homogeneity for [Mn!V(0)(2pyN2Q)]%* can account for the lower edges of
these samples.
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Each of the Mn!V-oxo complexes shows a prominent pre-edge feature centered at ca. 6542
eV (Figure 2). This feature contains contributions from Mn!V 1s-to-3d transitions, which
gain intensity through Mn!V 3d-4p mixing induced by the short Mn=0 distance.[!%2] The
pre-edge features of [Mn!V(0)(N4py)]?*, [Mn!Y(0)(PMMN4py)]2*, and [Mn!Y(0)
(2pyN2Q)|** were previously fit with only one pseudo-Voigt function centered near 6541.2
eV.[% 10a] However, higher resolution pre-edge data collected for [MnIV(O)(DMMN4py)]2+,
[Mn!V(0)(2pyN2Q)1?*, and [Mn!V(0)(2pyN2B)]?* at beamline 9-3 (SSRL) clearly reveal
multiple pre-edge peak maxima (Figure 2, inset). For example, the pre-edge region for
[Mn!V(0)(PMMN4py)]2* shows a prominent peak at 6541.6 eV, with shoulders at 6539.9
and 6543.2 eV (Figure S1). The pre-edge regions of [Mn!V(0)(2pyN2Q)]?* and [Mn!Y(0)
(2pyN2B)]?* are similar, although the latter sample appears to lack the shoulder at higher
energy (Figure 2, inset).

The newly collected data were fit with two or three pseudo-Voigt functions (Figure S1),
giving pre-edge areas similar to those reported previously (Table 1). The exception is the
pre-edge area for [Mn!Y(0)(2pyN2B)]%*, which is now 22.2, a dramatic increase compared
to the previously reported value of 14.6.[°! This increase in pre-edge area, along with the
higher edge energy of the present sample (6550.2 versus 6549.6 eV), leads us to propose that
the former sample was more heterogeneous, consisting of the Mn!V-oxo center and
secondary species.

The collective set of pre-edge areas determined from these present fits can be compared to
values reported previously for [Mn!Y(0)(N4py)]>* and [Mn!V(O)(OH)(Me2EBC)]?+,
although this comparison must be performed with some caution, as the pre-edge data were
normalized differently.[loc] The pre-edge intensities for [MnIV(O)(N4py)]2+ and [Mn!Y(0)
(OH)(Me2EBC)]%* were normalized relative to the most intense fluorescence peak, whereas
the tail of the EXAFS region was used to normalize data collected for [Mn!Y(0O)
(PMMN4py)]2*, [Mn!Y(0)(2pyN2B)]2*, and [Mn!V(0)(2pyN2Q)]3*.[92. 10a. ¢l Tg assess the
effects of this different normalization process on the pre-edge area, we applied the latter
normalization process to XAS data previously reported for [Mn!V(O)(N4py)|%*.
Normalization to the tail of the EXAFS region resulted in a pre-edge area of 18.9, a
significant increase compared to that determined when normalizing relative to the most
intense fluorescence peak (12.7 units).[%210¢] Using the older normalization protocol,
[Mn!V(0)(OH)(Me2EBC)]?* had a pre-edge area higher than [Mn!V(O)(N4py)]** (14.2
versus 12.7). Therefore, if the pre-edge region for [Mn!Y(0)(OH)(Me2EBC)]** were
normalized to the EXAFS tail, it would likely have the highest pre-edge area for this series
of Mn!V-oxo complexes.

EXAFS Data and Analysis for Mn!V-oxo Species.

The FT and raw EXAFS data for the [Mn!Y(0)(PMMN4py)|2*, [Mn!V(0)(2pyN2Q)]?*, and
[Mn!V(0)(2pyN2B)]?* complexes are shown in Figure 3, and best fits to date are collected
in Table 2. More complete fitting information can be found in Tables S1 — S3. The FT
spectrum of each Mn!V-oxo complex is characterized by peaks at ca. 1.2, 1.6, and 1.9 A that
vary in intensity between the different complexes (Figure 3). Fits of the EXAFS data for
[MnIV(O)(DMMN4py)]2Jr and [MnIV(O)(ZpyNZB)]2+ reveal comparable metric parameters
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(Table 2). In particular, the set of FT EXAFS features from 1.2 — 1.9 A are well fit with an O
shell (2= 1) near 1.70 A and two N shells near 1.93 and 2.10 A (2=2 and 3, respectively).
Additional FT peaks from ca. 2.1 - 2.5 A can be fit considering two sets of C shells near
2.74 and 2.93 A. The Mn-O scatterer distances for [Mn!Y(0)(PMMN4py)]2* and [Mn!V(0)
(2pyN2B)]2*, (1.72 and 1.70 A, respectively) are in excellent agreement with Mn—O
distances previously reported from EXAFS analyses of Mn!V-oxo complexes in a pseudo-
octahedral environment, which range from 1.58 to 1.71 A.I7b, ¢, 10a, ¢, 28]

While the EXAFS analyses for [Mn!Y(0)(PMMN4py)]2* and [Mn!Y(0)(2pyN2B)|?* yield
metric parameters largely consistent with those of other Mn!V-oxo complexes, the EXAFS
fitting procedure for [MnIV(O)(ZpyN2Q)]2Jr results in an O shell at the unrealistically long
distance of 1.76 A (Table 2). The Debye-Waller (o2) parameter for this shell is also
unusually large for a single-atom shell at a short scattering distance. Given that [Mn!V(0O)
(2pyN2Q)]?* has the fastest self-decay rate for this series of Mn!V-oxo complexes, we
attribute the unexpected EXAFS fits to the presence of secondary species. Prior EPR
investigations of [Mn!V(0)(2pyN2Q)]** revealed the presence of signals characteristic of a
MnTMn!V dimer,[2°! consistent with this proposal. Thus, we conclude that the fit for
[Mn!V(0)(2pyN2Q)]?+ is not reflective of the true metric parameters of this complex.

Comparison of DFT and EXAFS Structures of Mn!V-oxo Species.

DFT computations were previously used to predict structures for [Mn!Y(0)(PMMN4py)]2+
and [MnIV(O)(2pyN2B)]2+.[9*1O] These computations predicted Mn-oxo distances of 1.68
and 1.66 A for [Mn!Y(0)(PMMN4py)]2* and [Mn!V(0)(2pyN2B)|?*, respectively. In each
case, these values are 0.04 A shorter than those obtained from the EXAFS fits (1.72 and 1.70
A; see Table 3). Although some variance between experimental and DFT-predicted metric
parameters is expected, typically DFT methods are most reliable at predicting distances for
strong, short metal-ligand bonds, such as the Mn-oxo bonds considered here.301 It is
possible that partial photoreduction of the Mn'V-oxo XAS samples could account for a
Mn=O0 distance longer than that expected based on the DFT computations. Alternatively, the
DFT treatment, which considers the Mn!V-oxo dications in a solvent continuum (i.e., with
no explicit interactions with solvent), could be incomplete.

Because a protic solvent, such as TFE, could be reasonably considered to have hydrogen-
bonding interactions with the oxo ligands, we performed DFT geometry optimizations for
models of [Mn!Y(0)(N4py)]2*, [Mn!V(0)(PMMN4py)|2*, and [Mn!V(0)(2pyN2B)]** that
included two TFE molecules. These models were generated by placing the TFE molecules
within hydrogen-bonding distance of the oxo ligands and then performing a DFT energy
minimization with respect to all nuclear coordinates. For completeness, we also considered a
structure of [Mn!V(0)(2pyN2Q)]?* with explicit hydrogen-bonding interactions, although in
this case we cannot compare the computational results to experimental distances. Our Mn!V-
oxo structures containing two TFE molecules are referred to as [MnIV(O)(N4py)]2*-(TFE)2,
[Mn'V(0)(PMMN4py)|2+(TFE),, [Mn!V(0)(2pyN2Q)|2+(TFE),, and [Mn'V(0)
(2pyN2B)]2*-(TFE),. To provide a balanced comparison, we also re-optimized the structures
of the Mn!V-oxo complexes in the absence of added TFE using the same level of theory (our
previous computational treatments lacked dispersion interactions, which we deemed

Chemistry. Author manuscript; available in PMC 2021 January 16.



1duosnuey Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Massie et al.

Page 9

important to include here to properly model solvent-solute interactions).[¥ The result of
these computations are summarized in Tables 3 and 4, and molecular structures of the
complexes with hydrogen-bonded TFE molecules are shown in Figure 4.

The structures of the Mn!V-oxo complexes lacking the explicit TFE molecules are
essentially identical to those previously reported.In each case, the Mn=0 distance is near
1.68 A (except for [Mn!V(0)(2pyN2B)]2*, which has a shorter Mn=0 distance of 1.66 A)
and the Mn—Neq distances (which were obtained by averaging the equatorial Mn—N bond
lengths) steadily increase from [Mn!Y(0)(PMMN4py)]%* to [Mn!Y(O)(N4py)]** to [Mn!V(O)
(2pyN2Q)]2+ (Table 4). In the case of [MnIV(O)(ZpyNZB)]2+, the average equatorial Mn—
Neq distances for the structure lacking the TFE molecules is at 2.055 A, which is the longest
for this series. A previously determined structure of [MnIV(O)(ZpyNZB)]2+, which lacked
dispersion corrections, predicted the average equatorial Mn—N¢ distance to be on the short
end of the series. We speculate that the combination of dispersion corrections in the absence
of explicit solvent interactions could lead to some errors in the DFT structure of Mn!V(0)
(2pyN2B)]?*. The DFT structure of [Mn!Y(0)(2pyN2B)]3* also gives the longest Mn—
Namine distane of 2.335 A (Table 4). Notably, the XRD structure of the Fe!V-oxo analogue,
[Fe!V(0)(2pyN2B)]*, also showed an Fe’N,pine distance longer than those of [Fe!V(0O)
(N4py)]?* and [Fe!V(0)(2pyN2Q)]2.[3!1] The axial elongation for the 2pyN2B-ligated
complexes can be understood in part by the more obtuse methylene—~C—N angles for the 5-
membered ring of the benzimidazolyl arms when compared to their pyridyl and quinolinyl
analogues (see Table S6). That C—C—N angle is approximately five degrees wider for the
2pyN2B ligand than for the other three ligands used in the present study (Table S6). As a
consequence, the metal-Namine distance is elongated for the 2pyN2B ligand, in order not to
cause strain in the five-membered ring that is formed by Mn-Nyjne—CH—C—Neq(donor)
and to permit good orbital overlap between the benzimidazolyl Ng atoms and the metal. The
longer Mn—Nnine distance in [Mn!V(O)(2pyN2B)]?* is directly reflected in a slightly
shorter Mn=0 distance that compensates for weaker donation from the axial Nymine
function. A further structural manifestation of the more obtuse C—-C-N angle is the larger
displacement of the Mn!Y ion of [MnIV(O)(ZpyNZB)]2+ above the plane created by the four
Neq donors (Table S6). This out-of plane deviation is 0.15 A for [Mn'Y(0)(2pyN2B)]** and
only 0.07 A for the other Mn!V-oxo0 complexes considered in this study.

Finally, we note that the oxo ligand in [MnIV(O)(ZpyNZQ)]2+ is shifted away from the
quinoline groups, giving an O-Mn—N_pin. angle of 170°. The other Mn!V-oxo complexes
show far more modest deviations in O—-Mn—Nine angle from 180° (Table 4). This tilting of
the oxo ligand for the 2pyN2Q ligand was observed experimentally in the X-ray crystal
structure of the [Fe!V(0)(2pyN2Q)]** complex.!31]

The optimized structures of the [Mn!Y(0)(N4py)]%*-(TFE),, [Mn!V(0)(PMMN4py)|2+.
(TFE),, [MnY(0)(2pyN2Q)]2*-(TFE),, and [Mn!V(0)(2pyN2B)]?*-(TFE), complexes each
show two TFE groups with strong hydrogen-bonding interactions with the oxo ligand
(Figure 4). The distances between the oxo ligand and the alcohol hydrogen atom of the TFE
molecules varies from 1.622 — 1.749 A, which indicates strong hydrogen-bonding
interactions. For each Mn!V-oxo complex, the strong oxo...HOCH,CFj interaction causes
an elongation in the Mn=0 distance of ca. 0.02 A (Table 4). For [Mn!V(0)(2pyN2B)]?**-
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(TFE), and [Mn!V(0)(PMMN4py)|2+.(TFE),, this bond elongation leads to DFT-derived

Mn=0 bond lengths more consistent with those determined from fitting EXAFS data (Table
3)’[103]

The longest oxo...HOCH,CFj3 distances come from the [Mn!Y(0)(2pyN2Q)]**-(TFE), and
[Mn!V(0)(2pyN2B)]%*-(TFE), structures (Table 4). The steric bulk of the quinolinyl and
benzimidazolyl groups prevent the TFE molecules from forming shorter hydrogen bonds
with the oxo ligand, as illustrated in space-filling models of these Mn!Y-oxo adducts (Figure
S3). The benzimidazolyl groups project C—H functions towards one of the TFE molecules
and therefore have more restrictive steric properties for solvent interactions than the
quinolinyl moieties (Figure S3). This effect, together with the bending of the Mn=0 bond of
[Mn!V(0)(2pyN2Q)]?+ away from the quinolinyl groups, can account for [Mn!Y(O)
(2pyN2B)]2+-(TFE)2 having the longest oxo...HOCH,CFj distances (Table 4). The
[MnIV(O)(ZpyNZB)]2+~(TFE)2 structure also shows a notable contraction in Mn—Neq and
Mn—N,mine distances compared to the structure lacking hydrogen bonding (Table 4). These
changes are due to the Mn!V ion shifting towards the equatorial plane created by the four
Mn-Neq donors (Table S6). The resulting metal-ligand distances for [Mn¥(O)(2pyN2B)]**+-
(TFE), from the DFT computations are remarkably similar to those observed
crystallographically for [FelV(0)(2pyN2B)]2+.131 The crystal structure of that complex
reveals one water molecule hydrogen bonded to the oxo ligand (with the water protons in
calculated positions). We may thus compare the Mn-N,ine distance for [Mn!Y(0O)
(2pyN2B)]|2+-(TFE), (2.155 A) with the analogous distance for [Fe!V(0)(2pyN2B)]?*, which
is 2.115(6) A.I3! The M-N¢q distances for [Mn!V(0)(2pyN2B)]?*(TFE); and [Fe!V(O)
(2pyN2B)]**are also comparable — 1.999 vs 1.995 A, respectively.31]

Using the DFT-optimized models of the Mn!V-oxo complexes, we also calculated pre-edge
transitions using the TD-DFT method.3° The TD-DFT-computed spectra of these complexes
are quite similar (Figure S2 and Table S4),132] each dominated by two transitions, at ca. 6542
and 6543 eV, corresponding to Mn!V 1s — 3d,? one-electron excitations in the a- and B-
spin manifolds. The inclusion of hydrogen-bonding interactions with TFE solvent molecules
leads to a minor (ca. 15%) reduction in pre-edge intensity compared to the models lacking
interactions with TFE. Even in the presence of explicit hydrogen-bonding interactions, the
short Mn—O bond lengths cause significant Mn!Y 3d,2-4p, mixing, which accounts for the
high relative intensity of excitations to the Mn'Y 3d,? orbitals (Tables 5 and S4). The
attenuation in pre-edge intensity observed for the Mn!V-oxo complexes with hydrogen
bonding is associated with a loss of 4p mixing into Mn!V 3d manifold from 5.4% for
[MnlV(0)(N4py)]%* to 3.9% for [MnlY(0)(N4py)]**-(TFE), (for this comparison we use the
sum of Mn 4p (%) character in the acceptor MOs that contribute to the pre-edge region). The
association between a loss in pre-edge intensity and an increase in the Mn-oxo bond length,
as observed here, is consistent with a previous examination of manganese(IV) pre-edge
properties.[33]

The DFT models including the TFE interactions give calculated pre-edge areas in excellent
agreement with the experimental values (Table 5). The computations predict [Mn!V(O)
(2pyN2B)]** to have the largest pre-edge area (24.7 units), in agreement with experiment
(22.2 units). In addition, the energies of the TD-DFT transitions are within 0.5 eV of the
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higher-energy bands observed in the experimental spectra (Table 5). Each TD-DFT-
computed spectrum also contains a cluster of transitions near 6541 eV, which could account
for the low-energy shoulder observed experimentally (Table 1). The good agreement
between calculated and experimental pre-edge properties for these Mn!V centers is
consistent with previous TD-DFT investigations.[10¢]

DFT Investigation of [Fe!V(O)(N4py)]2* (TFE), Species.

To determine if the hydrogen-bonding interactions postulated for the Mn!V-oxo complexes
could also be important for the structural properties of the analogous FelV-oxo complexes,
[31] we investigated hydrogen-bonding with TFE solvent for the latter complexes using DFT
methods. The Fe!V-oxo analogue of [Mn!Y(0)(N4py)]**, [Fe!V(O)(N4py)]** has been
generated in both the protic solvent TFE and in the aprotic solvent MeCN. To investigate the
effects of hydrogen-bonding with solvent for [FelY(O)(N4py)]**, we developed DFT
structures for [FelV(0)(N4py)]** and [Fe!V(O)(N4py)]?+-(TFE),. These computations
employ the same level of theory as that used for the Mn!V-oxo computations ( vide supra).
The DFT-optimized structure of [Fe!V(0)(N4py)]* shows an Fe=O distance of 1.649 A,
with average Fe—Nequatorial distances of 1.965 A, and an Fe—N,mine distance of 2.046 A.
These metric parameters are in good agreement with experimental distances from X-ray
crystallography (Figure 5)[34] and with distances from previous DFT investigations.[35] In
the DFT-optimized structure of [Fe!V(O)(N4py)]?+-(TFE),, the two TFE molecules show
strong hydrogen-bonding interactions with the oxo ligand (Figure 5). This interaction leads
to a minor elongation in the Fe=0 distance of 0.013 A; minor changes are also observed in
the Fe-N bond lengths (Figure 5). While the structure of [Fe!V(O)(N4py)]**-(TFE), does
contain oxo-TFE hydrogen-bonding interactions, these interactions are not as strong as those
observed in the [MnIV(O)(N4py)]2+~(TFE)2 structure. Specifically, the oxo---H distances in
[Fe!V(0)(N4py)]**-(TFE); are 0.1 A longer than those in [Mn!Y(O)(N4py)]?*-(TEE), (1.75
and 1.65 A, respectively; see Figure 5 and Table 4). These results are consistent with
previous observations that suggest that, at parity of coordination sphere, Mn!V-oxo centers
are more basic than their FelV-oxo analogues.[3¢

DFT Investigation of [Mn!V(O)(N4py)]2*(HOTf), Species.

Nam, Fukuzumi, and coworkers have shown that the spectroscopic properties and chemical
reactivity of [Mn!V(O)(N4py)]?* are greatly perturbed by the addition of triflic acid (HOTY).
(2] Upon the addition of acid, the 950 nm electronic absorption feature of [Mn'V(0)
(N4py)]** decays and a shoulder at 550 nm is observed. An analysis of XAS data for
[Mn!V(O)(N4py)]?* in the presence of HOTf shows a dramatic drop in pre-edge intensity
and an elongation in the Mn-oxo distance to 1.74 A. These spectroscopic changes were
attributed to the binding of two HOTf molecules to the Mn!V-oxo unit of [Mn!V(0O)
(N4py)]?+.12] Given that the proposed structure for this species is similar in spirit to that of
[MnIV(O)(N4py)]2+'(TFE)2, where two TFE molecules are bound to the Mn!V-oxo unit
through hydrogen-bonding interactions, we used DFT computations to investigate
hypothetical structures for [Mn!Y(O)(N4py)]**-(HOTf),.

The optimization of models of [Mn!Y(0)(N4py)]?* with triflic acid that included a CPCM
for solvation invariably led to proton transfer between one of the second-sphere triflic acid
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moieties and the oxo ligand (vide infra). This observation is accordant with the high acidity
of triflic acid.l3”) Only for optimizations performed in the gas-phase (/.e., lacking a CPCM
of solvation) did the triflic acid moieties retain their acidic protons. This change between
CPCM and gas-phase calculations presumably derives from the lack of stabilization of
charge separation in the gas phase. From the gas-phase optimizations, we identified minima
for models of both [Mn!Y(0)(N4py)]%*-(HOTY), and [Mn!V(O)(N4py)]?+-(HOT), which
contain two and one second-sphere triflic acid molecules, respectively (Figure S4). The
Mn=0 distances in the [Mn!V(O)(N4py)]**—(HOTY), and [Mn!Y(0)(N4py)]?*-(HOT)
structures are 1.702 and 1.687 A (Table S7). These values are only slightly longer than that
predicted for [MnIV(O)(N4py)]2+ in the absence of any hydrogen-bonding interactions
(1.681 A; see Table 4), and are significantly shorter than that determined for an EXAFS
analysis of [Mn!V(O)(N4py)]?* in the presence of triflic acid (1.74 A).[12]

When CPCM was included to incorporate the effects of TFE solvation, the initial structure
of [Mn!V(0)(N4py)]**-(HOTY) underwent proton transfer from triflic acid to the Mn!V-oxo
unit during the geometry optimization procedure. We therefore refer to this model as
[MnIV(OH)(N4py)]3+'(0Tf‘) to represent the observed protonation states in the energy-
minimized structure. (All attempts at developing models of [Mn!Y(0)(N4py)]%*-(HOTY),
using CPCM for TFE solvation resulted in optimized structures with large, negative
frequencies; i.e., these structures are not true minima). The structure of [Mn!V(OH)
(N4py)]3+-(OTf‘) has a Mn—OH distance of 1.757 A, with the hydroxo ligand involved in a
strong hydrogen-bonding interaction with the second-sphere triflate anion (Figure 6). The
Mn-N distances show a very modest contraction relative to those of [MnIV(O)(N4py)]2+
(Table 4 and Table S7). The DFT-predicted Mn—OH distance for [Mn!Y(OH)(N4py)]3+-(OTf
~) is slightly longer than that observed for [Mn!V(O)(N4py)]?* in the presence of triflic acid
(1.74 A).[ZH We also explored structures of [MnIV(OH)(N4py)]3+ where the hydroxo ligand
was involved in hydrogen-bonding interactions with second-sphere TFE solvent molecules.
Although multiple starting structures were examined, the only system for which a true
minimum was obtained involved a second-sphere TFE molecule and lacked a solvation
model. In this structure, referred to as [MnIV(OH)(N4py)]3+~(TFE), the Mn—OH distance is
1.749 A, and the hydroxo ligand donates a hydrogen bond to one TFE molecule, resulting in
a short hydroxo---H distance of 1.649 A (Figure 6). A DFT structure of [Mn!V(OH)
(N4py)]3* in the absence of any second-sphere hydrogen-bonding interactions showed a
longer Mn—OH distance of 1.773 A (Figure 6 and Table S7), revealing that the Mn-oxygen
bond length contracts when the hydroxo serves as a hydrogen-bond donor.

As a further means of assessing the validity of the Mn!Y-hydroxo models, we performed
TD-DFT computations to predict electronic absorption spectra for [Mn!Y(OH)(N4py)]3+,
[Mn!V(OH)(N4py)]3*-(OTf~), and [Mn!V(OH)(N4py)]3*-(TFE). Our previously reported
TD-DFT computations for [MnIV(O)(N4py)]2+ predicted electronic absorption bands near
790 and 475 nm, with more intense features at wavelengths below 400 nm.[26] These results
were in reasonable agreement with the experimental electronic absorption spectrum of
[MnIV(O)(N4py)]2+, which contains a prominent features near 950 nm, a weak band at ca.
600 nm, and intense features below 400 nm.[26- 381 The TD-DFT method predicts the
electronic transitions to be too high in energy, and the computed band intensities were also
ca. 3-fold higher than those observed experimentally.[26] The TD-DFT computed electronic
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absorption spectra for [Mn!Y(OH)(N4py)]3*, [Mn!Y(OH)(N4py)]*-(OTf"), and [Mn!V(OH)
(N4py)]?+-(TFE) each show prominent features at 425, 440, and 473 nm, respectively
(Figure 7). The spectra no longer contain the 950 nm near-IR feature characteristic of
[Mn!V(0)(N4py)]**. These spectral changes are consistent with those observed by Nam,
Fukuzumi, and coworkers upon the addition of triflic acid to [Mn!Y(O)(N4py)]?*.[12] In that
case, the 950 nm electronic absorption band of [MnIV(O)(N4py)]2Jr disappeared, and a new
band at 550 nm gained intensity.l12] While the experimental band is lower in energy than
that predicted for [Mn!Y(OH)(N4py)]*, [Mn!Y(OH)(N4py)]**-(OTf"), or [Mn!V(OH)
(N4py)]3+-(TFE) (Figure 7), this discrepancy is attributed to errors in the TD-DFT treatment.
In support, an electronic absorption spectrum for [Mn!Y(OH)(N4py)]** by CASSCF/
NEVPT?2 calculations shows Mn!Y ligand-field transitions at 529 and 434 nm (Figure 6,
bottom). We previously showed that the CASSCF/NEVPT?2 calculations for [Mn'V(0)
(N4py)]** yields electronic transition energies in better agreement with experiment than the
TD-DFT method.[26] Overall, the Mn!Y-hydroxo models, especially those where the
hydroxo ligand is involved in hydrogen-bonding interactions, are consistent with the
spectroscopic data collected when [Mn!Y(O)(N4py)]?* is treated with triflic acid. (We
attempted to perform CASSCF/NEVPT?2 calculations for the [Mn!V(OH)(N4py)]3*-(OTf")
and [MnIV(OH)(N4py)]3+~(TFE) models, but these calculations were plagued by
convergence issues. In addition, TD-DFT calculations for the gas-phase models of [Mn!Y(0O)
(N4py)]?+-(HOTY), and [Mn!V(O)(N4py)]*+-(HOTf) were dominated by intense, and
unphysical, charge-transfer transitions between the triflic acid moieties and the Mn!V
center.)

Discussion

Manganese(IV)-oxo adducts are important intermediates in both biological and synthetic
oxidation reactions.[3%] The development of structure-function relationships for these
compounds are hindered by a paucity of experimental studies on the structural properties of
manganese(IV)-oxo species. To the best of our knowledge, only a single mononuclear Mn!V-
oxo complex has been structurally characterized by XRD.[® For the remainder of known
Mn!V-oxo complexes, Mn K-edge XAS has served as the sole technique for determining
Mn-ligand bond distances. Herein, we utilized Mn K-edge XAS to determine metric
parameters for a set of three Mn!V-oxo species supported by N4py derivatives. Previous
work had shown that these particular complexes display a range of rates for HAT and
oxygen-atom transfer reactions, making the structures of these complexes of particular
interest.[7b- 9-10]

Analysis of the EXAFS data for [Mn!V(0)(PMMN4py)]2* and [Mn!V(0)(2pyN2B)]**
revealed Mn=0 distances of 1.72 and 1.70 A, respectively (Table 2). These distances are in
excellent agreement with those of other Mn!V-oxo species in a pseudo-octahedral geometry
(Table 6). Specifically, [MnY(0)(N4py)]** and [Mn!Y(0)(Bn-TPEN)]%*, which also feature
neutral N5 ligands, both show comparable Mn=0 distances of 1.69 A.[7¢ 192l Mononuclear
Mn!V-oxo complexes supported by porphyrin ligands, or with cis hydroxo ligands, also
display similar distances (1.69 and 1.71 A, respectively).[6-7- 102, b, 40] The Mn=0 distance
for [Mn!Y(0)(2pyN2Q)]** determined by analysis of EXAFS data (1.76 A) is a clear outlier
among this set of complexes. We attribute this long distance to sample heterogeneity, which
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is reasonable given that [Mn!V(0)(2pyN2Q)]%* shows greatly reduced stability compared to
the other Mn'V-oxo complexes in this series.[% Thus, we do not attribute the 1.76 A
distance to the Mn=0 bond length. (We note that, while it would be illuminating to compare
Mn-Nyiq1 and average Mn—Nequatorial distances for this series of Mn!V-oxo complexes, it is
not possible to attribute particular Mn—N EXAFS shells to these ligand types.)

Potential Role of Trifluoroethanol in Stabilizing Mn!V-oxo Species.

While the Mn=0 distances for [MnY(0)(PMMN4py)]%* and [Mn!Y(0)(2pyN2B)]**
determined from an analysis of EXAFS data agree well with other examples in the literature,
these distances are in relatively poor to these ligand types.) agreement with the Mn=0
distances from DFT calculations (Table 3). The computationally determined Mn=0
distances for [Mn!Y(0)(PMMN4py)]2* and [Mn!V(0)(2pyN2B)]?* are each 0.04 A lower
than those determined from EXAFS analysis. Better agreement is achieved for calculations
that included second-sphere TFE molecules, which form strong hydrogen-bonds with the
oxo ligands (Figure 4). The hydrogen-bonds result in a slight elongation of the Mn=0
distances, putting the computationally determined Mn=0 distances for [Mn!Y(O)
(PMMN4py)12* and [Mn!V(0)(2pyN2B)]?* within 0.02 A of those determined from the
analysis of EXAFS data.

The intimate interactions between the Mn!Y-oxo unit and solvent predicted by these
computations could offer insight into the privileged role that TFE has played in stabilizing
Mn!V-oxo species with neutral, N5 supporting ligands. Nam and co-workers were the first to
observe that certain Mn!Y-oxo centers could form in excellent yield in TFE but not in other
solvents.[7P- ¢ Although some of these Mn!V-oxo adducts can be formed in mixed solvents,
these mixtures always include TFE, i.e., TFE:CH,Cl, or TFE:MeCN. We have used this
knowledge to great advantage to make our present series of Mn!Y-oxo complexes.!?] While
we have previously suggested a role for TFE in helping to solubilize PhI0,!%2] allowing for a
rapid reaction with the Mn!! precursor complex, our present computations suggest that
hydrogen-bonding with TFE serves to stabilize the Mn!V-oxo unit. One test of this proposed
role of TFE as a hydrogen-bond donor would be to measure EXAFS data for one of these
Mn!V-oxo complexes in an aprotic solvent. Unfortunately, formation of members of this
class of Mn!V-oxo species in an aprotic solvent has not yet been achieved.

Hydrogen-bonding Comparison for Mn!V-oxo and Fe!V-oxo species in TFE.

While the Mn!V-oxo species supported by N4py derivatives and Bn-TPEN require the use of
TFE as a solvent for formation, the analogous Fe complexes can be formed in either protic
TFE or aprotic MeCN.[7b- ¢. 8. 10a. 411 Thyg TFE is not the privileged solvent for Fe!V-oxo
complexes as it is for Mn!V-oxo analogues. Our DFT computations for [Fe!V(O)(N4py)]** in
the presence of two second-sphere TFE molecules show reduced solvent-oxo hydrogen-
bonding interactions when compared to the Mn!V-oxo counterpart. Specifically, the DFT-
optimized structures for [FeIV(O)(N4py)]2+~(TFE)2 shows oxo--H separations that are 0.1 A
longer than those for [MnIV(O)(N4py)]2+-(TFE)2. Thus, solvent stabilization might not be as
critical for the Fe!V-oxo species.
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This difference in hydrogen-bonding interactions is also relevant to reports that Mn!V- and
Fe!V-oxo species exhibit different sensitivity to acids at parity of coordination sphere.[36]
Both observations suggest that the basicity of the metal-oxo ligand is very different. The
[MnIV(O)(OH)(]'LMePytacn)]Jr complex of Costas and co-workers can be readily protonated
to form [Mn!V(OH),(H-MePytacn)]*, and titrations reveal a pKj, for this Mn!V-dihydroxo
species of 7.1 1362l I contrast, [FeIV(O)(OH)(H’IVIePyta(:n)]Jr remains unprotonated even at a
very acidic pH of 1.13%0] These observations indicate that, at parity of coordination sphere,
the Mn!V-oxo adduct is several pK, units more basic than the Fe!V-oxo adduct.[36P]

Other Fe!V-oxo complexes supported by N4 and N5 ligands have been shown to be stable in
the presence of excess acid, which provides further evidence for the low basicity of such
complexes. Specifically, the addition of either 10 mM HClO4 or 5 M CF3COOH to [FelV(0)
(N4py)]?* results in minimal changes to the electronic absorption spectrum, indicating that
the Fe!V-oxo adduct is not protonated under these conditions.[*2] This behavior is in stark
contrast to the analogous Mn!Y-oxo species, [Mn!Y(0)(N4py)]?*, which exhibits spectral
changes upon the addition of HOTf.[!2] Of the limited examples of FelV-oxo species that do
show reaction with acid, the site for protonation has been unexpected. When acid is added to
[Fe!V(O)(Hsbuea)]~, protonation was proposed to occur at the tripodal ligand rather than the
oxo ligand.[*3] The locus of ligand protonation in this case was strongly supported by
spectroscopic data.[43]

DFT Investigation of [Mn!V(O)(N4py)]2*-(HOTf), Species.

Similar to our proposal of [Mn!Y(O)(N4py)]?*-(TFE),, the formation of [Mn!V(O)
(N4py)]?+-(HOTY), was proposed when HOTT is added to [Mn!V(O)(N4py)]**.[121 EXAFS
analysis showed a 0.04 A elongation of the Mn=0 distance upon addition of acid to
[MnIV(O)(N4py)]2+. Our gas-phase calculations for [MnIV(O)(N4py)]2+ in the presence of
second-sphere triflic acid molecules show little change in the Mn=0 distance, suggesting
that the 1.74 A bond length is too long for a Mn!V-oxo species with only hydrogen-bonding
interactions. Importantly, calculations performed using a CPCM for solvation invariably
showed proton transfer from triflic acid to the oxo ligand. These formal Mn!V-hydroxo
models showed metric and spectroscopic parameters reasonably consistent with the available
data for [Mn!V(0)(N4py)]** in the presence of triflic acid (Figures 6 and 7).

The experimental spectral changes observed for [MnIV(O)(N4py)]2Jr upon the addition of
acid consist of a loss of a near-IR absorption feature at 950 nm and the growth of a shoulder
near 550 nm. These spectral changes are not only reasonably reproduced from our TD-DFT
and CASCF/NEVPT?2 calculations performed for models of [Mn!Y(OH)(N4py)]?* (Figure
7), the changes are also similar to those observed for pairs of Mn!V-oxo and Mn!Y-hydroxo
complexes. The [MnIV(O)(OH)(MezEBC)]2+ complex and its protonated analogue
[Mn!V(OH),(Me,EBC)]* display electronic absorption maxima at 870 and 550 nm,
respectively.[44] Likewise, the [Mn!Y(0)(OH)(H:MePytacn)]* and
[MnIV(OH)Q(H’I\/[ePytelcn)]2+ complexes have electronic absorption bands near 810 and 540
nm, respectively.[368] These changes in electronic transition energies were described in terms
of the reduction in the Mn=0 bond order, and the accompanied elimination of strong Mn-
0X0 Tt-interactions, upon protonation of the oxo ligand.[*4! Specifically, the near-IR
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absorption feature for these pseudo-octahedral Mn!V-oxo complexes arises from a one-
electron excitation from the Mn!V d,,, dy, molecular orbitals (MOs), which are Mn=0 rt-
antibonding, to the Mn!Y d,?-y2 MO, which is Mn—Nequatorial 0-antibonding. A shift of this
near-IR absorption band to higher energy is consistent with a stabilization of the Mn!Y d,,,
dy, donor orbitals through a weakening of Mn=0 rt-interactions. Thus, the similar spectral
changes observed for [Mn!Y(0)(OH)(Me;EBC)]%* and [Mn!V(O)(N4py)]** upon the
addition of acid could suggest the formation of Mn!V-hydroxo products for both systems.[44]

Conclusions

Analysis of Mn K-edge XAS data for [Mn!V(0)(2pyN2B)]?* and the related [Mn!V(O)
(DMMN4py)]2+ and [MnIV(O)(ZpyNZQ)]2+ complexes yield large pre-edge areas and
relatively short Mn=0 distances, which are hallmarks of mononuclear Mn!V-oxo centers.
Variations in pre-edge area are observed for this series, and these are well-reproduced by
TD-DFT computations. The EXAFS-determined Mn=0 bond lengths for these complexes
are best reproduced by DFT models including second-sphere TFE molecules involved in
strong hydrogen-bonding interactions with the oxo ligands. These interactions could shed
light on the privileged status of TFE in stabilizing Mn!V-oxo complexes. Weaker solvent-oxo
hydrogen-bonding interactions were predicted for the Fe!V-oxo complex [Fe!V(O)(N4py)]3+.
This result is consistent with previous studies that suggest the Mn!V-oxo unit is more basic
than its FelV-oxo counterpart. DFT investigations to understand the structure of [Mn'V(0)
(N4py)]** in the presence of triflic acid led to the postulate that the trific acid protonates the
Mn!V-oxo unit to generate a Mn!V-hydroxo center.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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DMMN4py 2pyN2B N4py

Figure 1.
Mn!V-oxo complexes and their corresponding ligands based on N4py ligand framework.
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Figure 2.
Comparison of experimental XANES regions for [Mn!Y(0)(PMMN4py)]|2+,

[Mn!V(0)2pyN2B)]?*, and [Mn!Y(0)(2pyN2Q)]?*. The inset shows the near-edge features
as the collected data points (circles) to display the resolution in this spectral region.
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Fourier transforms of Mn K-edge EXAFS data and raw k? weighted EXAFS curves (insets)
for the Mn!V-oxo species. Experimental data are represented by dotted lines whereas fits are

solid lines.
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Figure 4.
Molecular structures of Mn!Y-oxo complexes, [MnIV(O)(N4py)]2+-(TFE)2 (top-left),

[Mn!V(0)(PMMN4py)|2+.(TFE); (top-right), [Mn!Y(0)(2pyN2Q)]?*-(TFE), (bottom-left),
and [Mn!V(0)(2pyN2B)]**-(TFE), (bottom-right). Alternate views of these structures are
provided in the Supporting Information (Figure S3).
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DFT XRD
Fe=O  1.65 1.64
Fe-Noq, 1.96 1.96
Fe-Namine 2.05 2.03

£

Figure 5.
Molecular structures of [Fe!V(0)(N4py)]?* (left) and [Fe!V(O)(N4py)]**-(TFE), (right).

Metric parameters from DFT computations and the X-ray diffraction (XRD) structure of
[Fe!V(0)(N4py)](OTf), are provided. XRD data are from reference (34],
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[Mn"(OH)(N4py)I** (OTf)

Figure 6.

[Mn"(OH)(N4py)]** (TFE)

Page 24

IMn"V(OH)(N4py)I**

Molecular structures of [Mn!Y(OH)(N4py)]3*-(OTf) (left), [Mn!Y(OH)(N4py)]**(TFE)
(center), and [MnIV(OH)(N4py)]3+ (right) from DFT geometry optimizations. The Mn-O

distances are marked.
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Figure 7.
Electronic absorption spectra for Mn!V-hydroxo models using TD-DFT and CASSCF/

NEVPT2 computations. Vertical sticks represent individual electronic transitions.
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Table 1.

Edge and Pre-edge Energies (eV) and Pre-edge Areas for Mn!V-oxo Complexes.

complex edge energy pre-edge energy pre-edge area
MY O) PYMNAPYI* 6550 5 (65503)7 65399, 6541.6, 6543.2 (6541.2)° 2017
[MaY(O)2pYN2BI* (5505 (6549.6)”  6539.9, 6541.4, 6542.8 (6540.1, 6541.4, 6543.1)" 22
MOy Ndpypr € 65508 6541.9 189
MnYO)2pyN2QIF* 65498 (6549.2)° 65399, 6541.57 (6541.2)° 15.1

aPreviously published data, using different samples, provided the following edge areas: 19.6 for [MnIV(O)(DMMN4py)]2+; 14.6 for [MnIV(O)
(2pyN2B)12*; and 17.0 for [Mnl Y (0)(2pyN2Q)12+.

b
Edge and pre-edge energies in parentheses from references [9a] ang [9b],

CFrom reference [lOa]. The previously reported pre-edge area for [MnIV(O)(N4py)]2+ (12.7) used a normalization relative to the most intense
fluorescence peak. This present value was obtained by normalizing the intensity to the tail of the EXAFS region.

d . . . . .
The pre-edge feature for [MnIV(O)(ZpyNZQ)]2+ can be fit with three pseudo-Voigt functions, but the fit is of similar quality to the two-band fit
presented here.
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Table 2.

Parameters derived from the best EXAFS fit for each Mn!Y-oxo complex

rd) o E, R

292 228 -1.79 0.208

294 597 -4.01 0304

291 734 -0.65 0.268

Mn-O/N Mn-N Mn-C

complex n rd) e n rd o n
[MnlV(O)PMMN4py) 2+ 1 172 126 2 194 238 3

3 210 6.09 3 274 8.63
MaV(O)2pyN2B)>* 1 170 212 2 192 131 3

3 210 410 3 274 1774
MaV(O)2pyN2Q)>* 1 176 706 3 206 631 4

2 225 573 3 271 8.17

Page 27

aFourier Transform ranges are as follows: [MnIV(O)(DMMN4py)]2+: 2-14 10\_1, [MnIV(O)(ZpyNZB)]2+: 213 A-1 N [MnIV(O)(2pyN2Q)]2+:

2-14 A-1,

bcz is in units of 10~3 A2
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Comparison of DFT and EXAFS determined bond distances (A) Mn!Y-oxo0 complexes.

Table 3.

complex shell

DFT EXAFS DFT (H-bonding)

[Mn"(0)PMMN4py) > Mn-O (1)
Mn-N (2)
Mn-N (3)
[MnV(0)(2pyN2B)]>*  Mn-O (1)
Mn-N (2)
Mn-N (3)

1.68 1.72 1.70
1.99 1.95 1.98
2.04 2.10 2.03
1.66 1.70 1.68
1.97 1.92 1.96
2.20 2.10 2.08
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Table 4.

Selected Bond Lengths (A), Bond Angles (°), and Hydrogen-Bonding Distances (A) for Mn!V-oxo Complexes
[Mn'Y(0)(N4py)1?*, [Mn!V(0)(PMMN4py)]>*, [Mn!Y(0)(2pyN2B)]?*, and [Mn'Y(0)(2pyN2Q)]** from DFT

Computations. “

Mn-O Mn—Neqb Mn-N,pine®  O-M0—Namine o--HY

[Mn!Y(0)(N4py)>* 1.681 2,001 2.097 179.65 NAC
[Mn'Y(0)(N4py)I2*(TFE), 1699  2.001 2.077 178.27 1.641, 1.651
[MnlY(0)(PMMN4py)]2* 1682 1.998 2.089 179.28 NAC
Mn'Y(O)(PMMN4py)**-(TFE), 1.702  1.997 2.069 177.97 1.622, 1.653
[MnV(0)(2pyN2B) 1>+ 1.661  2.055 2335 176.03 NAS
[Mn'Y(O)(2pyN2B)I*(TFE),  1.680  1.999 2.155 178.24 1.739, 1.749
[MnlY(0)(2pyN2Q)>* 1.684  2.032 2.088 170.14 NA®
Mn'Y(0)(2pyN2Q)I**(TFE), ~ 1.703  2.030 2.070 170.44 1.678, 1.703

aAdditional metric parameters for these models are in supporting intormation (Table S6).
bThe average of the four equatorial Mn—N bond lengths.

CNamine refers to the amine nitrogen #rans to the oxo ligand.

dDistances between the oxo ligand the alcohol hydrogen atoms of the TFE molecules.

“Not applicable.
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Table 5.
Experimental and TD-DFT-Calculated Pre-edge Energies (eV) and Areas for the Series of Mn!Y-oxo
Complexes.
experimental calculated pre-edge propertiesa
complex pre-edge area  pre-edge energy intensity area Mmnd4p
[Mn'V(0)(PMMN4py)|>*  6539.9 20.1 6541.0 2.58 173 3.1
6541.6 6542.0
6543.2 6543.0
[MnV(O)(2pyN2B)|**  6539.9 222 6540.9 3.80 247 5.1
6541.4 6541.9
6542.8 6542.9
[Mn™Y(0)(N4py) ]2+ 654197  189% 6542.2 267 178 32
6543.2
[MnV(O)(2pyN2Q)1>+  6539.9 15.1 6541.6 2.34 159 20
6541.5 6542.0
6542.9

“From TD-DFT computations for models of the Mn

v

Page 30

-oxo complexes with second-sphere TFE molecules hydrogen-bonding to the oxo ligand.

Corresponding properties for models lacking the TFE molecules are included in the Supporting Information (Table S4).

bFrom references [10a] and [7b]
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Selected Bond Lengths (A) for Mononuclear Mn!V-oxo Complexes from EXAFS and XRD Data.

Table 6.

Complex Mn=0 Solvent Reference
[Mn!V(O)(N4py) |2+ 1.69,1.70 TFE [10a] [7b]
[Mn!V(O)(N4py)|?*-(HOTf), 1.74 TFE/MeCN  [12]
[Mn!V(0)(PMMN4py) |2+ 1.72 TFE a
[MnV(O)(2pyN2B) |2+ 1.70 TFE a
[Mn"V(O)(OH)(Me,EBC)]* 1.71 H,0 [7a]
[Mn'V(0)(Bn-TPEN)]?* 1.69 TFE [7e]
[Mn"V(O)(T;,PP)] 1.69 THFE/DMF 1401
[Mn"V(O)(salen)] 1.58 PrCN [10b]
[Mn!V(O)(ditox);]" 1.63 b 16
aThis work.

b_. . .
Distance determined from solid-state XRD measurement.
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