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Abstract

The addition of Lewis or Brénsted acids (LA = Zn(OTf),, B(CgFs)3, HBArF, TFA) to the high-
valent manganese—oxo complex MnV(0)(TBPgCz) results in the stabilization of a valence
tautomer Mn!V(O-LA)(TBPgCz'"). The Zn'! and B(CgFs)3 complexes were characterized by
manganese K-edge X-ray absorption spectroscopy (XAS). The position of the edge energies and
the intensities of the pre-edge (1s to 3d) peaks confirm that the Mn ion is in the +4 oxidation state.
Fitting of the extended X-ray absorption fine structure (EXAFS) region reveals 4 N/O ligands at
Mn-Ngye = 1.89 A and a fifth N/O ligand at 1.61 A, corresponding to the terminal oxo ligand.
This Mn-0 bond length is elongated compared to the MnY(O) starting material (Mn—0 = 1.55 A).
The reactivity of Mn!V(O-LA)(TBPgCz™*) toward C—H substrates was examined, and it was found
that H* abstraction from C—H bonds occurs in a 1:1 stoichiometry, giving a Mn'Y complex and the
dehydrogenated organic product. The rates of C—H cleavage are accelerated for the Mn!V(O-LA)
(TBPgCz"*) valence tautomer as compared to the MnV(O) valence tautomer when LA = Zn!!,
B(CgFs)3, and HBArF, whereas for LA = TFA, the C—H cleavage rate is slightly slower than when
compared to MnV(0). A large, nonclassical kinetic isotope effect of A/kp = 25—-27 was observed
for LA = B(CgFs)3 and HBAIF, indicating that H-atom transfer (HAT) is the rate-limiting step in
the C-H cleavage reaction and implicating a potential tunneling mechanism for HAT. The
reactivity of Mn!V(O-LA)(TBPgCz"*) toward C—H bonds depends on the strength of the Lewis
acid. The HAT reactivity is compared with the analogous corrole complex Mn!V(O-H)(tpfc'*)
recently reported.
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Graphical Abstract
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INTRODUCTION

A broad range of heme enzymes rely on high-valent iron-oxo porphyrin intermediates to
carry out substrate oxidation.1~3 The general structure of these species can be divided into
Fe!V(0O)(Por**)(X) (Compound I (Cpd-I), Por** = porphyrin r-radical-cation, X = axial
ligand) and Fe!V(O)(por) (Compound 11 (Cpd-I1)). Cpd-1 can be a potent oxidant and is
capable of cleaving C-H bonds with bond strengths up to ~95 kcal/mol in Cytochrome
P450. Cpd-I1 is usually considered to be a weaker oxidant than Cpd-I, in part because Cpd-I
is at the formally higher oxidation level of FeV. The redox-active nature of the porphyrin
ligand allows access to such formally high oxidation states because of the porphyrin’s ability
to delocalize some of the positive charge on the aromatic r system. The delocalization can
be viewed in the extreme case as an intramolecular electron transfer from the porphyrin
ligand to the oxidized metal center, resulting in a “valence tautomer” with a one-electron-
reduced metal center and a m-based radical on the ring. There was significant debate
regarding which valence tautomer best described Cpd-I in Cyt-P450 until recently, when
definitive spectroscopic evidence showed that this species corresponded to the Fe!V(Q) (rt-
radical-cation) tautomer.} However, the requirements for stabilizing one valence tautomer
over the other in high-valent metalloporphyrins and their relative reactivities remains poorly
understood.

In synthetic porphyrin systems, valence tautomerism has been induced by chemical or
nonchemical (temperature, irradiation) changes.#~® However, there are few examples of
metal-oxo complexes in which both valence tautomers have been characterized. Our group
showed previously that treatment of MnY(O)(TBPgCz) (TBPgCz = octakis(p-tert-
butylphenyl)corrolazinato3~) with metallic and nonmetallic Lewis and Brénsted acids (LA =
Zn(OTf),, B(CgFs)3, HY) (OTF = trifluoromethylsulfonatel™) led to stabilization of the
valence tautomer Mn!V(O-LA)(TBPgCz"*) with an Mn' ion coupled to a corrolazine rt-
cation-radical and the Lewis/Brénsted acid bound to the terminal oxo ligand.”10 The
Mn'V(O-LA)(TBPgCz"*) complexes exhibited significantly enhanced reactivity toward O-H
bond cleavage with phenol derivatives in comparison to the closed-shell MnY(0)-(TBPgCz).
In contrast, dramatically decreased rates of oxygen atom transfer (OAT) to triarylphosphines
were observed for Mn!'V(O-LA)(TBPgCz'*) as compared to the MnV(O) tautomer. Acid-
dependent valence tautomerism was observed when trifluoroacetic acid (TFA) was added to
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Fe!V(0)-(TPFP**)(L) (TPFP = 5,10,15,20-tetrakis(pentafluorophenyl)-porphyrinato?-),
resulting in the formation of the isoporphyrin complex Fe!''(TPFP2+)(L),.11 Addition of
chloride ion to the isoporphyrin complex allowed for chlorination of aromatic compounds
and olefins. More recently, reversible valence tautomerism was implicated for oxo—ferryl
porphyrins by stopped-flow UV-vis spectroscopy, where Fe!V(O)(por) was present at high
pH but could be converted to Fe!''(OH,)-(por*) at low pH.12

In Mn(salen) systems, addition of 1 equiv of hydroxide to Mn'"'(OH,)(salen**) resulted in
the formation of the valence tautomer Mn!V(OH)(salen). Further deprotonation of this
complex gave the Mn'V(O)(salen) complex, which was the most reactive complex in this
series in both HAT and OAT reactions.13 In 2015, Abu-Omar showed that addition of TFA to
MnV(O)(tpfc) (tpfc = 5,10,15-tris(pentafluorophenyl)-corrolato3) resulted in formation of
the valence tautomer Mn'V(OH)(tpfc**).14

Lewis and Bronsted acids are known to exert a critical influence on the reactivity of metal
—oxo and related species. In biological systems, these acids can play important roles in
tuning redox potentials and redox reactivity. One example is the nonredox active CaZ* ion
bound to the Mn cluster of the oxygen-evolving complex (OEC) in Photosystem 11.15-17
Possible intermediates during water oxidation by the OEC are high-valent Mn!V(0)/MnV(0)
species, and the role of the Ca2* ion in this process remains poorly understood. Addition of
redox inactive metal ions to manganese—oxo cluster complexes allowed for modulation of
the reduction potentials of these compounds.16 The addition of Lewis/Bronsted acids (e.g.,
Sc3*, HOTH) has been found to enhance electron transfer (ET), OAT, and PCET (PCET =
proton-coupled electron transfer) rates of nonheme Fe!V(O) complexes.18 Addition of triflic
acid and Sc(OTf)3 to nonheme Mn'V(O) complexes was found to accelerate ET and OAT
rates but inhibit rates of H-atom abstraction.1%:20 Nonredox active metal ions have also been
found to accelerate the rates and improve efficiencies of Mn-mediated catalytic oxidation
reactions.?1:22 The rates of O, activation in nonheme Mn and Fe complexes were also
enhanced in the presence of Lewis acids.23 In these nonheme systems, however, valence
tautomerism did not come into play.

In this work, a series of Mn!V(O-LA)(TBPgCz**) complexes (LA = Zn(OTf),, B(CgFs)s,
HBArF, CF3CO,H) is generated and their reactivity toward C—H bond cleavage is assessed.
The Mn'V(O-LA)(TBPgCz"+) complexes (LA = Zn(OTf),, B(CgFs)3) were characterized by
Mn K-edge X-ray absorption spectroscopy (XAS), providing the first structural information
for these complexes and yielding key information on both the oxidation state of the Mn and
the perturbation of the Mn—0O bond length. The reactivity of the Mn!V(O-LA)(TBPgCz"*)
complexes with a series of C—H substrates of varying C—H bond strengths (BDE(C-H)) was
studied. Rate enhancements of C—H cleavage were observed for the Lewis acid complexes
compared to the closed-shell MnV(O) valence tautomer, with the exception of TFA. The
magnitude of the rate enhancement depended strongly on the identity of the Lewis acid.
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RESULTS AND DISCUSSION

Synthesis and Structural Characterization of the Mn'V(O-LA)(TBPgCz'*) Complexes by X-
ray Absorption Spectroscopy

Previously, we found that the addition of Lewis/Brénsted acids (Zn'!, B(CgFs)3, HBAIF,
HBF,) to closed-shell MnY(O)(TBPgCz) resulted in stabilization of the open-shell valence
tautomer Mn!'V(O-LA)(TBPgCz"*) in solution. Characterization of the latter species was
carried out by UV-vis, NMR, and EPR spectroscopies and in the case of B(CgFs)3 by ESI-
MS, which confirmed the 1:1 nature of the Lewis acid adduct. The spectroscopic data
showed that the open-shell Mn!V(O-LA)(TBPgCz"*) complexes were paramagnetic, with an
Mn'V jon ferro- or antiferromagnetically coupled to a r-cation-radical on the Cz ring.
Valence tautomerization was reversible, with the closed-shell MnV(O) complex being
favored upon addition of the appropriate reagent to sequester the Lewis/Bronsted acid
(Scheme 1).

Although the Mn!V(O-LA)(TBPgCz**) complexes are stable at 23 °C in dilute solution,
attempts to isolate these complexes as solids results in autoreduction to Mn!!!. Therefore, we
sought to obtain structural information on Mn'V(O-LA)(TBPgCz"*) in solution by X-ray
absorption spectroscopy (XAS). XAS is incompatible with halogenated solvents because of
large background fluorescence from the solvent, and we needed to find an alternative to the
previously employed mixed solvent system CH,Cl,/CH3CN.

The Mn!'V(O-LA)(TBPgCz"*) complexes were formed in benzonitrile by addition of Lewis
acid to MnY(O)(TBPgCz), and the UV—vis spectral changes matched those seen in
CH,Cl,/CH3CN. The Mn K-edge X-ray absorption spectra for MnV(0)(TBPgCz) and
Mn!V(O-LA)(TBPgCz™*) (LA = Zn'!, B(C4Fs)3) are shown in Figure 1. The XAS data for
MnV(O)(TBPgCz) was reported previously242° but was remeasured here for comparison.
The energy of the rising Mn K-edge is dependent on both oxidation state and structure. The
positions of the rising edge for the Lewis acid adducts are shifted to lower energy relative to
MnV(O)(TBPgCz). This shift is consistent with a lowering of the oxidation state on the
metal, and the edge energies match well with other Mn!V complexes.13:26.27 The intensity of
the pre-edge peaks for Mn!V(O-LA)(TBPgCz"*) at ~6541.3 eV are significantly lower than
the peak seen for MnV(O)(TBPgCz) at 6541.6 eV. The pre-edge peak arises from a 1s-to-3d
transition, and a decrease in intensity for this transition is consistent with a lengthening of
the Mn—0O bond, as can be expected from the binding of a Lewis acid to the terminal oxo
ligand. Fitting of the EXAFS data (Figure 1, Table 1) for the Mn!V(O-LA)(TBPgCz")
complexes gives 4 N/O scatterers at an average distance of 1.89 A from the Mn, in good
agreement with Mn—N bond distances for the pyrrole N atoms characterized by single-
crystal X-ray diffraction for Mn'!! and MnV(O) corrolazines.2428 Best fits of the data also
required a fifth N/O scatterer at an average of 1.61 A from the Mn center, which can be
assigned to the terminal oxo group (Table 1). The Mn—-0 distance is elongated by 0.05 A
compared to the starting MnY(O) which we reported as 1.56 A in our previous EXAFS
measurements24 and 0.06 A elongation compared to the distance determined by X-ray
crystallography.?8 This change in bond distance is consistent with that seen for several other
high-valent M—oxo—-Lewis acid (M = Mn, Re, W) complexes, which show M-0 bond
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elongations upon binding of LA in the range A(M-0) = 0.05-0.07 A.2%-32 For best results,
fits included an Mn—C scatterer at an average distance of 2.90 A and a multiple scattering
shell of Mn—-N-C and Mn—-C-N at 3.12 A. Fits of the EXAFS data for Mn'V(0-zn'!)
(TBPgCz"*) were not significantly improved by inclusion of backscattering from the Zn ion.
However, it is known that the observation of metal-metal scattering in related dimetallic
porphyrin systems such as Fe—L—Cu porphyrins (L = 0=, OH") is highly dependent on the
Fe-L—-Cu angle.33:3% An angle of ~180° leads to the observation of a strong metal— metal
scatterer, while an angle of less than ~150° leads to no obvious metal-metal scatterer seen in
the EXAFS spectrum. Density functional theory (DFT) calculations (vide infra) on Mn!V(O-
Zn'"(TBPgCz**) suggest an Mn—-O-Zn angle of <150°, consistent with the absence of
metal-metal scattering in the EXAFS for this complex.

In earlier work we employed DFT calculations to analyze the geometry of Mn!V(0-zn!")
(TBPgCz"*).” The optimized geometry of this complex exhibited an elongated Mn—0O bond
distance of 1.74 A and a Zn-0O distance of 1.89 A. The Mn—0 bond length is ~0.1 A longer
than the Mn-Q distance found experimentally by EXAFS, and therefore, further calculations
were performed in this work. Geometry optimizations were carried out using different
functional and basis set combinations, and the geometries were not sensitive to the choice of
functional/basis set (see Table S1 in SI). Singlet, triplet, and quintet spin states for Mn!V(O-
LA)(TBPgCz"*) (LA = Zn!' and B(CgFs)3) were all assessed. A calculated Mn-O distance
of 1.65-1.66 A is found for the respective triplet states, corresponding to one unpaired spin
on the Mn'V jon and one unpaired spin on the Cz ring (d,ta”? configuration). This distance
is reasonably close to the experimentally determined value from EXAFS. The calculated Mn
-0 distances for the other triplet and quintet states examined were not as good a match with
the experimental value. The calculations also suggest that the quintet state (i dy ! d)ta”?)
is the ground state, being ~1-5 kcal/mol in energy below the former triplet state, depending
on the functional and basis set. However, DFT is known to have significant difficulty in
determining the energy ordering of multiple spin states in transition metal complexes,
especially in Mn.35-38 The singlet states were found to be the highest in energy but did show
Mn-0 distances close to the XAS value. However, the singlet states are not consistent with
the experimentally determined paramagnetic r-cation-radical complexes and can be ruled
out. Interestingly, surface scans along the Mn-0 distance for the triplet states reveal surfaces
that are energetically flat (Tables S8 and S9). The Mn—O distances were varied over 0.1 A,
but the relative energies changed by only ~1 kcal/mol. The surface scans suggest that the Mn
-0 bond is relatively loose compared to the MnV(O) starting material. On the basis of these
results, we tentatively assign Mn!V(O-LA)(TBPgCz"*) to the triplet state with a d,*a”1
configuration.39:40

Reactivity with C-H Bonds

The reactivity of Mn!V(O-LA)(TBPgCz"*) complexes with the C—H substrate xanthene (Xn)
(Chart 1) was examined for the series of Lewis acids shown in Table 2. The Mn'V(O-LA)
(TBPgCz'*) complexes with LA = Zn(OTf), B(CgFs)3, and HBArF were characterized
previously.”810 A recent report from Abu-Omar showed that TFA reacts with an MnY(O)
corrole, MnY(O)(tpfc), to stabilize the analogous Mn'V(OH)(tpfc**) valence tautomer, and
the HAT reactivity of this species was examined with phenol O-H substrates.1* We included
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TFA in the current study to provide a direct comparison with the corrole system. The
characteristic spectral changes for the valence tautomer Mn!V(O-TFA)-(TBPgCz'*) were
observed following the addition of TFA to MnV(O)(TBPgCz) (Figure S12). Addition of Xn
to the Mn!V(O-LA)(TBPgCz"*) complexes was carried out in CH,Cl, at 23 °C, and the
reaction was monitored by UV-vis. Representative data for the reaction of Mn!V(O-
B(CgFs5)3)-(TBPgCz"*) with Xn is shown in Figure 2a. The features for the Mn complex
(419, 789 nm) undergo isosbestic conversion to a new species (443, 727 nm) over 30 min.
The final spectrum is indicative of [Mn!V(TBPgCz)(OH)].”84! Similar spectral changes
were seen for the other LA complexes. The final reaction mixtures were examined by EPR
spectroscopy (X-band, 12 K), and revealed intense spectra typical of a high-spin Mn!V (S =
3/2) ion and were quite similar to the spectra seen for other Mn!V corrolazines (Figures S3 —
S4).841 Taken together, the UV-vis and EPR data indicate that the reaction of the open-shell
valence tautomer with the C—H bond substrate Xn yields a one electron-reduced Mn'V
corrolazine and implicates a single hydrogen atom transfer event.

The rates of reaction of Mn!V(O-LA)(TBPgCz"*) with Xn were obtained from plots of
absorbance versus time, which were well fit with a single-exponential expression and gave
the pseudo-first-order rate constants (Agps). Measurement of Agpg versus [Xn] led to linear
plots as shown in Figure 2b, whose slope, when normalized per reactive C—H bond n(n=2
for Xn), gave the second-order rate constants (k»") shown in Table 2. These rate constants
were compared to the reaction of the closed-shell MnY(O) valence tautomer in the absence
of Lewis acids (Table 2, column 3). As can be seen from the A a/Anone Values, there is a
significant increase in the rate of C—H cleavage for LA = Zn!!, B(CgFs)3, HBArF. Rate
enhancements were seen previously for Mn!V(O-LA)(TBPgCz™*) (LA = Zn!!, B(CgFs)3) in
similar HAT reactions with substituted phenol O—H substrates, with the more Lewis-acidic
triarylborane giving the more reactive species. We quantified the Lewis acidity of the LAs in
Table 2 with the Gutmann-Beckett method in which the 31P NMR chemical shifts of Et3PO
are measured in the presence of the different Lewis acids.*#4° This method leads to the
acceptor numbers (A.N.) shown in Table 2, with the higher A.N. values indicating greater
Lewis acidity. As seen in Table 2, the second-order rate constants follow an overall
correlation with the A.N. values, although the triarylborane gives a slightly larger 4" value
for the Xn substrate than HBArF. Interestingly, the only Lewis acid that did not accelerate
the C—H cleavage rate was TFA. In the work by Abu-Omar, addition of TFA also slightly
decreased the H-atom abstraction rate for the corrole complex, although no other Lewis
acids were tested in this study.14 Our results strongly suggest that the identity of the Lewis
acid is critical in determining the HAT reactivity of Mn!V(O-LA)(r-cation-radical)
complexes (vide infra).

Examination of two of the Mn!V(O-LA)(TBPgCz"*) species with Xn-a5 revealed large KIEs
(ki kp = 25 for B(CgFs)3 (Figure 2b), ku/kp = 27 for HBArF), both well above the classical
limit. A KIE for this substrate with MnV(O)(TBPgCz) could not be obtained because of very
slow reaction rates and the limited solubility of Xn at high concentrations. Previously a
classical KIE = 3.2 was observed for O—H versus O-D cleavage with Mn'V(O-LA)
(TBPgCz"*) and 2,4,6-tri- fert-butylphenol (2,4,6-TTBP).8 The KIE values indicate that HAT
is the rate-limiting step for both O—H and C—H substrates. The KIEs for C-H cleavage are
also much larger than that observed for the axially ligated [MnY(O)(TBPgCz)-(X)]~ (X =
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anionic donor) (KIE(C-H) = 11) or for O-H cleavage by the 5-coordinate MnV(O)
(TBPgCz) (KIE(O-H) = 6).4246 The corrole complex (Mn!Y(OH)(tpfc**) exhibited a
particularly small KIE = 1.3 for HAT with 2,4-di- fer-butylphenol.14 The large nonclassical
KIEs for Mn'V(O-LA)(TBPgCz"+) with C—H substrate suggests that significant tunneling
may be occurring through the HAT barrier. Further work is needed to determine the origin of
the wide range in KIEs observed for the different corrolazine and corrole complexes.

The stoichiometry for the oxidation of C—H bond substrates by Mn!V(O-LA)(TBPgCz*)
was further examined by product analysis for the reaction with 9,10-dihydroanthracene
(DHA) as substrate. DHA reacts with Mn!V(O-LA)(TBPgCz"*) in CH,Cl5 to give the one-
electron-reduced Mn'V product, as seen by UV-vis. Analysis of a bulk reaction for Mn!V(O-
B(CgF5)3)(TBPgCz™) plus DHA gave a 65% yield of the expected dehydrogenated
anthracene product by GC-FID, following the stoichiometry in Scheme 2. On the basis of
this stoichiometry, a mechanism is proposed where the first H-atom abstraction gives DHA
radical (DHA"), which is then rapidly dehydrogenated by another Mn!V(O-LA)(TBPgCz"*)
via a second H-atom abstraction. The stoichiometry contrasts that found for the closed-shell
MnV(O)(TBPgCz), which functions as a two-electron oxidant and abstracts both H atoms
from a single DHA, producing one anthracene molecule per MnV(O) complex.42:46 The
former stoichiometry also fundamentally differs from the analogous corrole Mn!V(OH)
(tpfc**), which acts as a two-electron oxidant with phenol substrates to give 2 equiv of
phenoxyl radical and 1 equiv of Mn'!! corrole.14

The most reactive species with Xn is Mn!V(O-B(CgFs)3)-(TBPgCz"*), and therefore, we
examined the reaction kinetics of this species with the additional C—H substrates AcrH,,
DHA, and CHD (Chart 1) to gain further insight into the nature of the HAT reactions and
their dependence on substrate C—H bond strength.*” Similar reaction conditions were used
as compared to Xn, and good pseudo-first-order kinetics were observed by UV-vis, showing
conversion of Mn!V(0-B(CgFs)3)(TBPgCz"*) into the one-electron-reduced Mn!Y product
for all substrates except the AcrH,, which gives an Mn'"! product. However, AcrH, is well
known to act as a hydride donor by initial H* abstraction followed by fast electron transfer.41
Normalized second-order rate constants (k>") for each substrate were obtained from plots of
kops Versus substrate concentration, and a plot of log(k,") versus C—H bond strength is
shown in Figure 2c. The linear relationship seen provides good support for the proposed
mechanism involving a concerted HAT step as the rate-determining step.4”48 Second-order
kinetics for DHA and CHD were also obtained for HBAr" and also gave a linear correlation
between log(4>") and BDE(C-H) (Figure S14). Similar correlations with the BDE(C-H) of
C-H substrates have been observed for both MnY(0)(Cz) and Fe!V(0)(Cz**) species,
implicating concerted HAT mechanisms.#6:49

As reported by Abu-Omar, the corrole species Mn!V(OH)-(tpfc*+), generated by addition of
TFA to MnV(0)(tpfc), is a close analog of Mn!Y(O-LA)(TBPgCz**). It was concluded that
the reactivity of the Mn!V(OH)(tpfc**) valence tautomer was strikingly different from the
corrolazine analog, because of the stoichiometry of phenol oxidation and the lack of any rate
enhancement in HAT compared to the MnY(O) precursor. However, at the time of this study
there was no information available on the corrolazine system with TFA as the Lewis acid.
We examined the influence of TFA for the corrolazine case and found a remarkable
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similarity with the corrole results. The TFA adduct actually exhibits a slight deceleration in
the rate of HAT for C—H bonds, as opposed to the other Lewis acids, all of which lead to rate
enhancements. We speculate that there is little electronic effect on the HAT rate because
TFA is such a weak Lewis acid, and the slight rate deceleration compared to the starting
MnVY(O) may be due to a small steric inhibition from TFA. There does remain a significant
difference in the stoichiometry of HAT between the corrolazine and the corrole complexes in
the presence of TFA, with the Cz complex functioning as a one-electron oxidant, while the
corrole complex functions as a two-electron oxidant. This difference suggests that the Mn!V
product following HAT is more stable in the Cz case.

The influence of Lewis acids on nonheme M!V(O)(N4Py) (M = Mn, Fe) has been
investigated by Fukuzumi and Nam, and both rate accelerations and decelerations have been
reported for C—H cleavage reactions.18-20.50.51 Rate enhancements are observed if the
driving force of electron transfer between the metal—-oxo/Lewis acid adduct and the C-H
substrate is reasonably favorable, as in the case of toluene derivatives as substrates.18:51 For
these substrates, the mechanism of C—H cleavage is described as proton-coupled electron
transfer (PCET), where rate-limiting ET controls the kinetics and no KIE (i.e., KIE ~ 1) for
C-H/C-D is observed. In contrast, rate decelerations are observed when the redox potential
of the substrate makes ET highly endergonic, such as for CHD.1920 A HAT mechanism is
proposed for these substrates, and the lower reactivity is assigned to steric inhibition caused
by the Lewis acid group.

For our corrolazine system, the data clearly point to a HAT mechanism, and steric inhibition
is not a significant factor. The dominant influence over the reactivity is the strength of the
Lewis acid, with stronger Lewis acids leading to much higher reaction rates for HAT by
Mn'V(O-LA)(TBPgCz"*) as compared to MnY(O)(TBPgCz). Furthermore, the high-spin
nature of the open-shell Mn'V(O-LA)(TBPgCz"*) does not appear to be the source of the
enhanced reactivity, because the TFA derivatives for both corrolazine and corrole show a
decrease in HAT reaction rates. The reactivity of these heme-like metal-oxo Lewis acid
adducts appear to be controlled by the strength of the Lewis acid.

SUMMARY AND CONCLUSIONS

We characterized the valence tautomer Mn!V(O-LA)-(TBPgCz"*) by XAS, which confirmed
the metal oxidation state is Mn'Y and showed that the Mn—0O bond is elongated as compared
to the MnY(O) complex. The Mn!V(O-LA)-(TBPgCz**) complexes are able to cleave the C
—H bonds in activated C—H substrates, and the reaction rates are dependent on C—H bond
strength. These results, together with large KIEs, indicate C—H cleavage goes by an HAT
mechanism. The strength of the Lewis acid in these complexes can change the rates of HAT
by almost 30-fold. The change in electronic configuration for Mn!V(O-LA)(TBPgCz"*)
versus MnV(0)-(TBPgCz) does not necessarily lead to enhanced reactivity of C—H cleavage,
but rather the HAT reactivity appears to be dominated by the identity of the Lewis acid.
These results suggest that careful tuning of high-valent metal-oxo reactivity in a heme
protein environment could be controlled by appropriately timed proton delivery or H
bonding to the metal-oxo unit.
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EXPERIMENTAL SECTION

Materials

The compound MnY(O)(TBPgCz) was synthesized according to a published procedure.24
All other reagents were commercially available and purchased at the highest level of purity
and used as received unless otherwise specified here. The oxonium acid HBArF
([H(OEt,),]*[B(CgFs)al ") was synthesized according to a published procedure.52 The
substrate 9,10-dihydro-10-methylacridine (AcrH,) was synthesized according to a published
procedure.*! The substrates xanthene (Xn) and 9,10-dihydroanthracene (DHA) were
purchased from Sigma-Aldrich and recrystallized at least three times from ethanol. The
substrate 1,4-cyclohexadiene (CHD) was purchased from Sigma-Aldrich and purified by
running through an alumina pipette column immediately before use. The deuterated
substrate xanthene-d, was synthesized according to a published procedure.>3 Deuterated
solvents (CDCl3 and CD5Cl,) for NMR were purchased from Cambridge Isotopes, Inc.

Instrumentation

UV-vis spectroscopy was performed on a Hewlett-Packard 8453 diode-array
spectrophotometer equipped with HPChemstation software. A UV filter was used to block
light <400 nm to protect the reaction mixtures from photoreduction. 31P{1H} NMR (161.9
MHz) spectra were recorded on a Bruker Avance 400 MHz NMR spectrometer at room
temperature. Electron paramagnetic resonance (EPR) spectra were recorded with a Bruker
EMX spectrometer equipped with a Bruker ER 041 X G microwave bridge and a
continuous-flow liquid helium cryostat (ESR900) coupled to an Oxford Instruments TC503
temperature controller. The spectra were obtained at 12 K under nonsaturating microwave
power conditions (microwave frequency = 9.43 GHz, microwave power = 20.1 mW,
modulation amplitude = 10 G, modulation frequency = 100 kHz). Gas chromatography was
performed on an Agilent 6850 gas chromatograph fitted with a DB-5 5% phenylmethyl
siloxane capillary column and equipped with a flame-ionization detector (FID). The GC-FID
response factor for anthracene was prepared versus eicosane as the internal standard.
Stopped-flow experiments were carried out by using HiTech SHU-61SX2 (TgK scientific
Ltd.) with a xenon light source and Kinetic Studio software. All calculations were performed
using the Orca 3.0.3 program packages.>* For computational convenience, all fert
butylphenyl groups on the TBPgCz ligand were replaced with H (HgCz). Unless specified,
the resolution of identity (RI) approximation and the chain-of-sphere approximation
(COSX), with the corresponding auxiliary basis sets, were applied to the Coulomb integrals
on the DFT portion and exchange integrals on the Hartee-Fock (HF) portion, respectively,
for hybrid functionals. The RI approximation was applied when pure functionals were used.
LA = Lewis acids, which are Zn(OTf), (with 71, 7% -(OTf"),) and B(CgFs)s.

X-ray Absorption Spectroscopy (XAS)

XAS data were recorded at the Stanford Synchrotron Radiation Laboratory (SSRL) on
beamline 7-3 under ring conditions of 3 GeV and 495-500 mA. A Si(220), ¢ = 90, double-
crystal monochromator was used for energy selection, and a Rh-coated mirror (set to an
energy cutoff of 9.5 keV) was used for harmonic rejection. Energy calibration was
performed by assigning the first inflection point of the Mn foil spectrum to 6539.0 eV. All
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samples were maintained at ~10 K during data collection using an Oxford Instruments
CF1208 continuous-flow liquid helium cryostat. Data were measured in fluorescence mode
(using a Canberra Ge element array detector). Samples were monitored for photo-reduction
throughout the course of data collection. Only the scans which showed no evidence of
photoreduction were used in the final data average.

The data were calibrated and averaged using EXAFSPAK. Pre-edge subtraction and splining
were conducted using EXAFSPAK. A three-region cubic spline was used to model the
smooth background above the edge. Normalization of the data was achieved by subtracting
the spline and normalizing the postedge region to 1. The resultant EXAFS was k3-weighted
to enhance the impact of high- data.

Theoretical EXAFS signals (k) were calculated using FEFF (version 7.0) and fit to the data
using EXAFSPAK. The nonstructural parameter £y was also allowed to vary but was
restricted to a common value for every component in a given fit. The structural parameters
that were varied during the refinements were the bond distance (/) and the Debye—Waller
factor, which is a measure of thermal vibration and to the static disorder of the absorbers and
scatterers. Coordination numbers were systematically varied in the course of the analysis,
but they were not allowed to vary within a given fit.

Formation of Mn'V(O-LA)(TBPgCz**) for XAS

In a typical reaction, MnY(0)(TBPgCz) (2 mM) was mixed with 1 equiv of Lewis acid
(Zn(QTT), or B(CgFs)3) in benzonitrile. The reaction was monitored by UV-vis to ensure
complete formation of Mn!V(O-LA)(TBPgCz"*) and transferred to a kapton XAS sample
cell and carefully frozen in liquid nitrogen.

Analysis of the Reaction between Mn'V(O-LA)(TBPgCz**) and C-H Substrates by EPR
Spectroscopy

To an amount of MnY(O)(TBPgCz) (1 mM) was added Lewis acid (1 equiv) (Zn(OTf)2,
B(CgFs)3, or HBArF), and a color change from green to brown was observed, indicating
formation of Mn!V(O-LA)-(TBPgCz"). Excess C—H substrate (100 equiv of either xanthene,
DHA, or AcrH,) was added, and the reaction was monitored by UV-vis until complete
formation of the reduced Mn product was observed. This reaction mixture was then
transferred to an EPR tube and frozen and stored at 77 K until EPR spectra could be
recorded. The spectra were obtained at 12 K under nonsaturating microwave power
conditions (microwave frequency = 9.43 GHz, microwave power = 20.1 mW, modulation
amplitude = 10 G, modulation frequency = 100 kHz).

Product Analysis by GC-FID

To an amount of MnY(0)-(TBPgCz) (1.9 mM) in CH,Cl, was added B(CgFs)3 (1 equiv),
and a color change from green to brown was observed indicating the formation of MnV(O-
LA)(TBPgCz"*). Excess DHA (100 equiv) in CH,Cl, was added, and the reaction was
monitored by UV-vis until complete formation of Mn!Y(OH)(TBPgCz) was observed.
Eicosane was added as an internal standard, and the mixture was injected onto the GC-FID
for product analysis. The anthracene product was identified by comparison of retention time
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with an authentic sample, and quantitation was performed by integration of the peak and
comparison with a calibration curve constructed with the internal standard. A yield of 65%
(average of three runs) for the anthracene product was obtained.

Kinetics of Reaction between Mn'V(O-LA)(TBPgCz'*) and C-H Substrates

In a typical reaction, to an amount of MnV(O)-(TBPgCz) (64 M) was added Lewis acid (1
equiv) (LA = TFA, Zn(OTf),, B(CgFs)3, HBArF) in CH,Cl,, and the reaction was monitored
by UV-vis until full formation of Mn!V(O-LA)(TBPgCz"*) was observed. Excess C—H
substrate (Xn, DHA, or CHD) was added, and the spectrum for Mn!V(O-B(CgFs)3)
(TBPgCZ"™") (Amax = 420, 789 nm) was converted isosbestically to Mn!V(X)(TBPgCz) (A max
=446, 722-727 nm). The pseudo-first-order rate constants, kqyps, for these reactions were
obtained by nonlinear least-squares fitting of the plots of absorbances at 789 and 727 nm
(Abs) versus time () according to the equation Abs;= Absf + (Absg - Absf) exp(—Aops),
where Absy and Abs; are initial and final absorbance, respectively. The second-order rate
constant was obtained from the slope of the best-fit line from a plot of Aypg versus substrate
concentration and normalized per reactive C—H bond (k). The reaction of Mn!V(O-
B(CgFs5)3)(TBPgCz™) with the C—H substrate AcrH, was too fast to be analyzed by
conventional UV-vis Kinetics and instead monitored by stopped-flow UV-vis spectroscopy.
When AcrH, was added to Mn!V(O-B(CgFs5)3)-(TBPgCz'*), the spectrum changed to that of
Mn!V(OH,)-(TBPgCzH™) (Amax = 446, 727 nm). The rate constants were extracted as
described earlier.

Lewis Acidity Measurements by the Gutmann-Beckett Method

A 3:1 mixture of Lewis acid (HBAr", TFA) and triethylphosphine oxide was prepared in
CD,Cl, and analyzed by 31P{*H} NMR spectroscopy. Spectra were collected and calibrated
against an H3PO4 external standard. The following equation was used to calculate the
acceptor number (A.N.): A.N. = 2.21(8sample — 41.0), where Sgampe is the chemical shift for
the OPEts—Lewis acid adduct.#4:45

Geometry Optimization and Spin-State Ordering by DFT

Initial geometries for geometry optimization were obtained from the reported crystal
structure for MnY(O)(TBPgCz).28 Geometry optimization was performed using the
unrestricted hybrid-GGA B3LYP3° with dispersion correction (D3) from Grimme et al. in
2010.56 The effective core potential basis set LANLDZ>7-61 was used for metal atoms, and
6-31G(d)®2:63 was used or the remaining atoms. Frequency calculations were performed on
the optimized geometries, and no imaginary frequencies were observed. The Lewis acid
complexes were examined in various spin states as follows: singlet 1[Mn(O-LA)(HgC2)],
triplet (Is-Mn'V) 3[Mn(O-LA)(HgCz)] (Is = low spin), triplet (hs-Mn'V) 3[Mn(O-LA)(HgCz)]
(hs = high spin), and quintet °[Mn(O-LA)(HgCz)]. The triplet (Is-Mn'V) 3[Mn(O-LA)
(HgC2)] has one unpaired spin on the Mn and one unpaired spin on the corrolazine with a
d,ra” ! configuration. The other triplet state (hs-Mnn'Y) [Mn(O-LA)(HgCz)] has three
unpaired spins on the Mn and an unpaired spin on the corrolazine ligand which is
antiferromagnetically coupled.
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Single-point energy calculations on the optimized geometries were performed using range-
separated hybrid meta-GGA wB97X with dispersion correction®® (wB97X-D3) with def2-
TZV/PP on the metal atom and def2-SVP on the rest of the atoms. The zeroth-order regular
approximation (ZORA) with a model potential®* was applied along with segmented all-
electron relativistically recontracted (SARC) version of the basis sets.85:66 The RI
approximation was applied to the Coulomb integral on the DFT portion, and the exchange
integrals on the HF portion were solved exactly. Numerical grid was increased to “grid 4” in
Orca notation, which is equal to Lebedev 302 points. Solvent was modeled by the
conductor-like screening model (COSMO) with e =9.08 and refractive index = 1.424 for
CH,Cl,.

Functional/Basis Set Benchmarking for the Geometry of Mn(O-B(CgF5)3)(HgCz) by DFT

The initial geometry of Mn(O-B(CgFs5)3)(HgCz) for geometry optimizations was obtained
from the reported crystal structure of MnY(O)(TBPgCz)28 and the placement of a B(CgFs)3
unit on the oxo ligand. Geometry optimizations were performed using the following
combinations of functionals and basis sets: (1) BP86%7:68 and de2-ZVPP on Mn with def2-
SVPD on the rest of the atoms. ZORA with a model potential®* was applied, and the basis
sets were recontracted (SARCs) 9566 to be consistent with the ZORA. (2) B3PW9158 with
SDD59 on Mn and 6-31G(d,p)®2:63 on the rest of the atoms. (3) B3LYP> with def2-TZVPP
on Mn and def2-SVPD on the rest of the atoms. ZORA with a model potential®* and
SARCs®5:66 were applied. (4) B3LYP%® with TZVPP on all atoms. ZORA with a model
potential® and SARCs ©5:66 were applied. (5) B3LYP>® with LANLDZ57-61 on Mn and 6—
31G®2 on the rest of the atoms. (6) PBE0’0 with def2-TZVPP on Mn and def2-SVPD on the
rest of the atoms. ZORA with a model potential®* and SARCs5%:6 were applied.

Relaxed Surface Scans for Triplet (Is-Mn'Y) 3[Mn(O-LA)-(HgCz)] and Quintet (hs-
Mn'V) S[Mn(O-LA)(HgCz)] by DFT

A similar procedure was used as for geometry optimization. Relaxed surface scans were
performed with Mn-O distances varying from 1.61 to 1.71 A with a fixed increment of 0.01
A. Frequency calculations on the constrained geometries were not performed because the
molecules were not fully relaxed. Single-point energies were calculated based on the
constrained geometries using LANLDZ57-51 on the metal atom and 6-31G(d)52:3 on the
rest of the atoms. For comparison, all single-point energies at different Mn—0 distances were
compared to that of the optimized >[Mn(O-LA)(HgCz)].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(Left) Mn K-edge X-ray absorption spectra for MnV(O)(TBPgCz) (black) and Mn!V(O-LA)

(TBPgCz™") (LA = Zn(OTf), (blue) and B(CgFs)3 (red)) in benzonitrile. (Right) EXAFS data
of Mn'V(O-LA)(TBPgCz™*) (LA = Zn(OTf), (blue) and B(CgFs)3 (red)): data in black and
best fits in color specified. Fit parameters of the best fits can be found in Table 1.
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Figure 2.
(a) Time-resolved UV-vis spectra (0-30 min) for the reaction of Mn!V(O-B(CgFs)3)

(TBPgCz"™*) (14 uM) with excess xanthene in CH,Cl, at 23 °C. (b) Second-order plots for
xanthene (blue squares) and xanthene-a» (red squares) with Mn!V(O-B(CgFs)3)(TBPgCz"*).
KIE = kiy/kp = 25 + 2. (c) Dependence of the log k values for Mn!V(0-B(CgFs)3)
(TBPgCz"*) on the BDE values of the scissile C—H bond. Slope = -0.76 + 0.05.
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Scheme 1.
Reversible Binding of Lewis/Bronsted Acids Stabilizing Mn!V(O-LA)(TBPgCz")
Complexes
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Scheme 2.
Comparison of Reaction Stoichiometries for MnY(O)(TBPgCz) versus Mn!V(O-LA)
(TBPgCz™)
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Table 1

EXAFS Best-Fit Results for Mn'V(O-LA)(TBPgCz"*)

LA = Zn2* LA = B(CgFs)3

R(A)

c(d) RA) o @

1 Mn-0O

4 Mn-N

16 Mn-N-C
8 Mn-C
AE,

error

1.61
1.89
3.12
2.90
-5.28
0.312

0.0174 1.61 0.0167
0.00195 1.89 0.00223
0.00455 3.13 0.00981
0.00384 2.89 0.00551
-6.84
0.295
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Table 2

Second-Order Rate Constants (k") (normalized per reactive C—H bond) for the Reaction of Mn!V(O-LA)
(TBPgCz'*) with H-Atom Donor Substrates (units (k") = M~1s™1)

Lewis acid (A.N.®) xanthene ki a/Knone (xanthene) DHAD CHDC
none4243 1.8+02x1073 18+05%x107° 33+0.1x107°
TFA (40) 9+1x10% 05

Zn(OTf), (68) 81+04x10° 4

HBAIF (102) 1.9+£02x102 10 6.7+0.1x10% 20+01x10™
B(CeFs)3 (82) 55+£03x1072 28 43+02x10% 13+08x10™

aA.N. = acceptor number.
bDHA =9,10-dihydroanthracene.

c .
CHD = 1,4-cyclohexadiene.
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