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ABSTRACT: The addition of Sc(OTf)3 and Al(OTf)3 to the
mononuclear MnIII-hydroxo complex [MnIII(OH)(dpaq)]+ (1) gives
rise to new intermediates with spectroscopic properties and chemical
reactivity distinct from those of [MnIII(OH)(dpaq)]+. The electronic
absorption spectra of [MnIII(OH)(dpaq)]+ in the presence of
Sc(OTf)3 (1-ScIII) and Al(OTf)3 (1-AlIII) show modest perturba-
tions in electronic transition energies, consistent with moderate
changes in the MnIII geometry. A comparison of 1H NMR data for 1
and 1-ScIII confirm this conclusion, as the 1H NMR spectrum of 1-
ScIII shows the same number of hyperfine-shifted peaks as the 1H
NMR spectrum of 1. These 1H NMR spectra, and that of 1-AlIII, share a similar chemical-shift pattern, providing firm evidence that
these Lewis acids do not cause gross distortions to the structure of 1. Mn K-edge X-ray absorption data for 1-ScIII provide evidence
of elongation of the axial Mn−OH and Mn−N(amide) bonds relative to those of 1. In contrast to these modest spectroscopic
perturbations, 1-ScIII and 1-AlIII show greatly enhanced reactivity toward hydrocarbons. While 1 is unreactive toward 9,10-
dihydroanthracene (DHA), 1-ScIII and 1-AlIII react rapidly with DHA (k2 = 0.16(1) and 0.25(2) M−1 s−1 at 50 °C, respectively). The
1-ScIII species is capable of attacking the much stronger C−H bond of ethylbenzene. The basis for these perturbations to the
spectroscopic properties and reactivity of 1 in the presence of these Lewis acids was elucidated by comparing properties of 1-ScIII

and 1-AlIII with the recently reported MnIII−aqua complex [MnIII(OH2)(dpaq)]
2+ (J. Am. Chem. Soc. 2018, 140, 12695−12699).

Because 1-ScIII and 1-AlIII show 1H NMR spectra essentially identical to that of [MnIII(OH2)(dpaq)]
2+, the primary effect of these

Lewis acids on 1 is protonation of the hydroxo ligand caused by an increase in the Brønsted acidity of the solution.

■ INTRODUCTION
Mononuclear manganese−hydroxo adducts have been pro-
posed to be vital intermediates in manganese-dependent
enzymes such as manganese lipoxygenase (MnLOX).1−4 In
this enzyme, a MnIII−hydroxo adduct is proposed to abstract a
hydrogen atom from a polyunsaturated fatty acid substrate to
initiate its dioxygenation. One means of further understanding
the basis for this biological reaction comes through the use of
model complexes.5 With such complexes, the effects of small
perturbations to the ligand environment can be correlated with
changes in structure and reactivity.
A current challenge with MnIII−hydroxo model complexes

lies in the paucity of complexes able to oxidize C−H bonds
with bond dissociation energies similar to that of the MnLOX
substrate. The only MnIII−hydroxo complexes that have been
reported to perform C−H bond activation are the
[MnIII(OH)(PY5)]2+ complex, from Stack et al.,6 and the
[MnIII(OH)(dpaq)]+ and [MnIII(OH)(dapq2Me)]+ complexes
from our group (PY5 = 2,6-b is(b is(2-pyr idyl)-
methoxymethane)pyridine; dpaq = 2-(bis(pyridine-2-
ylmethyl))amino-N-quinolin-8-ylacetamidate; dpaq2Me = 2-
(bis(pyridine-2-ylmethyl))amino-N-2-methylquinolin-8-ylace-
tamidate).7,8 The [MnIII(OH)(PY5)]2+ complex, which
features a neutral, pentadentate ligand, is capable of reacting

with substrates such as toluene (C−H bond dissociation free
energy, BDFE, of 88 kcal mol−1) with a second-order rate
constant (k2corr, which has been corrected for the number of
C−H bonds of equivalent strength) of 2.2 × 10−3 M−1 s−1 at
50 °C.6 In contrast, [MnIII(OH)(dpaq)]+ and [MnIII(OH)-
(dpaq2Me)]+, which contain monoanionic, pentadentate ligands
with an amide function trans to the hydroxo ligand (Figure 1),
are only capable of attacking the weak C−H bond of xanthene
(BDFE = 75 kcal mol−1), with a pseudo-first-order rate
constant of ca. 8 × 10−4 s−1 (kobs, at 250 equiv of xanthene) at
50 °C.7,8 Mononuclear MnIII−oxo complexes, with strong
hydrogen-bonding interactions with adjacent ureayl H−N
moieties, have also been reported to oxidize activated C−H
bonds.9

To understand how ligand perturbations tune the reactivity
of MnIII−hydroxo units, we recently synthesized a series of
derivatives of [MnIII(OH)(dpaq)]+, where the 5-position of
the quinoline was substituted with electron-donating and
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-withdrawing groups ([MnIII(OH)(dpaq5‑R)]+).12 This posi-
tion, which is para to the amide nitrogen, provides tuning of
the donor properties of the ligand trans to the hydroxo. Among
this series, the inclusion of electron-withdrawing substituents
(-Cl and -NO2) led to more positive MnIII/II reduction
potentials, as expected. However, these changes in potential
were correlated with only modest (ca. 8-fold) rate increases for
the oxidation of TEMPOH (TEMPOH = 2,2′,6,6′-tetrame-
thylpiperidine-1-ol) among this series of MnIII−hydroxo
complexes.12

As an alternative means of enhancing oxidative reactivity,
Nam and co-workers reported that the reaction of
[MnIII(OH)(dpaq)]+ with triflic acid generates the MnIII−
aqua species [MnIII(OH2)(dpaq)]

2+, which was structurally
characterized by X-ray crystallography (Figure 1C).10 The
MnIII−aqua complex showed substantial rate enhancements in
O−H bond oxidation relative to the MnIII−hydroxo
analogue.10 Specifically, [MnIII(OH2)(dpaq)]

2+ reacted with
2,6-di-tert-butyl-4-methoxyphenol ca. 240-fold faster than
[MnIII(OH)(dpaq)]+. The enhanced reactivity of the MnIII−
aqua adduct was attributed to the substantially higher MnIII/II

reduction potential when compared to the MnIII−hydroxo
analogue (1.03 and −0.1 V versus SCE, respectively).10

Recently, Borovik and co-workers have probed the influence
of hydrogen bonds on the reactivity of MnIII−oxo complexes
by modulating the basicity of an appended hydrogen-bond
donor to the oxo ligand.9

A complementary method of tuning oxidation reactivity,
which has been widely used for high-valent Fe−oxo13−15 and
Mn−oxo complexes,16−28 is to form Lewis-acid adducts of
metal complexes.29 Of most relevance to the modest reactivity
differences for the [MnIII(OH)(dpaq5‑R)]+ series, Yang and co-
workers have shown that the reactivity of iron and manganese
salen complexes is more strongly perturbed by interactions
with Lewis acids than by modification of the ligand scaffold
using electron-donating and -withdrawing substituents.30,31

Thus, interactions of [MnIII(OH)(dpaq)]+ with Lewis acids
could lead to more dramatic rate enhancements, perhaps on
par with those observed for the MnIII−aqua analogue.10
Recently, Nam and co-workers have described Lewis-acid

adducts of a MnIV−oxo adduct supported by the dpaq ligand

(Figure 1D).11,32 Addition of Lewis acids of varied strength
(from ScIII to CaII) to [MnIII(OH)(dpaq)]+ followed by
iodosobenzene (PhIO) oxidation led to the formation of the
putative [MnIV(O)(dpaq)]+−Lewis-acid complexes. An inter-
action between the Lewis acid and the oxo ligand of
[MnIV(O)(dpaq)]+ was inferred from analysis of Mn K-edge
extended X-ray absorption fine structure (EXAFS) data, and
evidence for the MnIV oxidation state was provided by EPR
measurements.11 Lewis-acid binding was shown to modulate
the oxygen-atom, hydrogen-atom, and electron transfer
reactivities of the MnIV−oxo unit. An increase in the strength
of the Lewis acid led to enhancements in oxygen-atom and
electron transfer rates, while stronger Lewis acids were
associated with slow hydrogen-atom transfer rates. While the
formulation of these MnIV−oxo−Lewis-acid adducts has
recently been questioned,33 the results nonetheless show a
strong effect of Lewis acids on reactivity, even if the
corresponding cause is uncertain.
One significant challenge in the investigations described

above is the lack of experimental information regarding the
interaction between the Lewis acid and the high-valent Mn−
oxo species under conditions directly relevant to the kinetic
investigations. In some cases, formation of a MnO···LA
adduct (where LA represents the Lewis acid) is inferred from
analysis of EXAFS data, which often reveal weak metal−metal
scattering peaks attributed to the Lewis acids.18,19 However,
these EXAFS data are collected for frozen solutions at
temperatures far lower than those employed for the kinetic
investigations. In addition, while the weak metal−metal signals
could reflect the MnO···LA angle, with angles of less than
150° expected to give rise to very weak scattering,21 it is
important to bear in mind past cases where EXAFS signatures
attributed to metal−metal scattering were re-evaluated in
terms of a collection of carbon scatterers.34 A means of probing
solution-phase interactions of metal−oxygen species with
Lewis acids at temperatures relevant to those of kinetic
investigations is necessary for better understanding the
structures of these systems.
In this work, we evaluate the influence of the Lewis-acid salts

Sc(OTf)3 and Al(OTf)3 on the structure and reactivity of the
MnIII−hydroxo unit of [MnIII(OH)(dpaq)]+. Importantly, the
effects of these Lewis acids on the properties of the MnIII−
hydroxo complex can be monitored by room-temperature 1H
NMR and electronic absorption measurements, as employed
previously to understand the solution properties of
[MnIII(OH)(dpaq)]+ and its derivatives.12,35 On the basis of
these experimental data, the reactions of Sc(OTf)3 and
Al(OTf)3 with [MnIII(OH)(dpaq)]+ in MeCN in the presence
of added H2O leads to the formation of new intermediates.
These intermediates show oxidative reactivity greatly enhanced
relative to that of [MnIII(OH)(dpaq)]+. Remarkably, the
spectroscopic and kinetic data for [MnIII(OH)(dpaq)]+ in the
presence of either Sc(OTf)3 or Al(OTf)3 are essentially
identical to those of the MnIII−aqua complex [MnIII(OH2)-
(dpaq)]2+. Therefore, we conclude that the primary influence
of these Lewis acids is to increase the Brønsted acidity of the
solution, promoting protonation of the MnIII−hydroxo unit.

■ EXPERIMENTAL SECTION
Materials and Instrumentation. All chemicals were obtained

from commercial vendors at ACS grade or better and were used
without further purification unless otherwise noted. Acetonitrile and
diethyl ether were dried and degassed using a PureSolv solvent

Figure 1. Structure of Hdpaq ligand (A), X-ray diffraction structures
of [MnIII(OH)(dpaq)]+ (B)8 and [MnIII(OH2)(dpaq)]

2+ (C),10 and
proposed structure of the ScIII adduct of [MnIV(O)(dpaq)]+ from ref
11.
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purification system. [MnII(dpaq)](OTf) and [MnIII(OH)dpaq)]-
(OTf) were prepared as reported previously.8 9,10-Dihydroanthra-
cene was purified by recrystallization from ethanol before use.
Electronic absorption spectroscopy was performed using an Agilent
8453 spectrophotometer interfaced with a Unisoku cryostat. EPR
experiments were performed on a Bruker EMXplus with Oxford
ESR900 continuous-flow liquid helium cryostat and Oxford ITC503
temperature system.
Reactions of [MnIII(OH)(dpaq)]+ with Sc(OTf)3, Al(OTf)3, and

HClO4. A 1.25 mM solution of [MnIII(OH)(dpaq)](OTf) (1) in 2
mL of MeCN was prepared in an argon-filled glovebox, placed in a
gastight cuvette, and sealed with a septum. A solution of 2 equiv of
Sc(OTf)3 was prepared in 100 μL of MeCN and stored in a gastight
syringe. For formation of intermediate 1-ScIII, a 100 μL aliquot of a
90:10 (v:v) CH3CN:H2O stock solution, which had been sparged
with N2 gas, was first added to the cuvette to generate a solution of 1
that is 99:1 (v:v) MeCN:H2O). Next, a 100 μL aliquot of the
Sc(OTf)3 solution was added at 50 °C. The reaction was monitored
by electronic absorption spectroscopy. 1-AlIII was prepared similarly
using 2 equiv of Al(OTf)3 in 100 μL of MeCN. For formation of the
intermediate 1-H+, a solution capable of delivering 1 equiv of HClO4
in 100 μL was prepared and added to the cuvette following the
addition of 100 μL of 90:10 (v:v) CH3CN:H2O.
Acquisition of 1H NMR Data. 1H NMR samples of 1-ScIII or 1-

AlIII were prepared by adding 2 equiv of Sc(OTf)3 or Al(OTf)3,
respectively, in MeCN-d3 to 2.5 mM solutions of 1 in 98:2 (v:v)
MeCN-d3:D2O. The higher water ratio was employed as these 1H
NMR experiments are performed with a greater total MnIII

concentration than the electronic absorption and kinetic experiments.
1H NMR samples of [MnIII(OH2)(dpaq)]

2+ (1-H+) were prepared by
adding 1 equiv of HClO4 in MeCN-d3 to 2.5 mM solution of 1 in 98:2
(v:v) MeCN-d3:D2O. All

1H NMR data were collected on a 400 MHz
Bruker AVIIIHD NMR with an acquisition time of 0.27 s and a D1 of
0 s with a spectral width of 150 to −100 ppm. At least 1000 scans
were accumulated to provide sufficient signal-to-noise for each
sample. Spectra were baseline-subtracted with the multipoint fitting
procedure using spline functions as available in MestReNova.
XAS Experiments for 1-ScIII. A frozen solution sample of 1-ScIII

was generated by preparing a 2.5 mM solution of 1 in 2 mL of MeCN
and adding 20 μL of H2O and 2 equiv of Sc(OTf)3. Once 1-Sc

III was
maximally formed, as judged by electronic absorption spectroscopy,
an aliquot of the solution was transferred to an XAS sample cup and
rapidly frozen in liquid nitrogen. Mn K-edge XAS data were obtained
via fluorescence excitation at beamline 9-3 at Stanford Synchrotron
Radiation Lightsource (SSRL) at 7 K using a Si(220) monochromator
and a 100-element Ge array detector. Data were collected over an
energy range of 6400−7250 eV. A manganese foil was used as a
reference, and internal calibration was performed by assigning the
edge energy of the foil to 6539.0 eV. EXAFS data analysis was
performed using the DEMETER software package, and fitting was
carried out in ARTEMIS on the k3χ(k) data.

36 FEFF637 was used to
generate the phase and amplitude functions from the crystal structure
of [MnIII(OH)(dpaq)](OTf).8 For the fits, the parameters R (average
scattering pathway distance) and σ2 (Debye−Waller factor) were
optimized individually, and the E0 parameter was a common variable
for all paths. The n (degeneracy) parameter was fixed for each fit and
varied between fits.
Kinetic Investigations of the Reactivity of 1-ScIII, 1-AlIII, and

1-H+ with Hydrocarbons. The determination of second-order rate
constants for the oxidation of DHA by 1-ScIII, 1-AlIII, and 1-H+ and
oxidation of ethylbenzene by 1-ScIII was performed using essentially
identical experimental procedures. Here we describe the procedure
employed for 1-ScIII as a representative example; experiments for 1-
AlIII and 1-H+ were performed in the same manner, with the use of
Al(OTf)3 and HClO4, respectively, rather than Sc(OTf)3. A 1.25 mM
solution of 1-ScIII was generated as described above, with the
exception that the solution was first heated to 50 °C in a Unisoku
cryostat interfaced with an Agilent 8453 spectrophotometer. The
Sc(OTf)3 solution was then added to the cuvette (to give 2 equiv of
ScIII relative to 1), and 1-ScIII was allowed to form maximally, as

determined by following the absorbance at 700 nm. At maximal
formation of 1-ScIII, an aliquot of a CH2Cl2 solution containing excess
substrate (DHA or ethylbenzene; typically in a concentration range to
give 10−200 equiv relative to 1-ScIII) was added. The ensuing
reaction was monitored by disappearance of the signal at 700 nm.
Pseudo-first-order rate constants (kobs) determined at different
equivalents of substrate were used to determine a second-order rate
constant by fitting a plot of kobs versus substrate concentration to a
linear function. To identify organic products, the reaction mixture was
passed through a silica plug. The organic products were eluted with
CH2Cl2. The eluent was dried, and 1 equiv of benzoquinone (relative
to the total manganese concentration) benzoquinone was added as an
internal standard. The solids were dissolved in CDCl3, and the
reaction products were analyzed by 1H NMR spectroscopy.

IR Data Collection. Solution-phase IR samples of 1-ScIII were
prepared by adding 2 equiv of Sc(OTf)3 to a 12.5 mM solution of 1 in
97:3 (v:v) MeCN:H2O. Solution-phase IR spectra were collected on a
ReactIR iC10 with a K4 conduit and SiComp probe. For reference,
spectra were also collected for a 12.5 mM solution of 1 in 97:3
MeCN:H2O, a 97:3 MeCN:H2O solution, and a 97:3 MeCN:H2O
solution with 25 mM Sc(OTf)3. Solid-state FT-IR data were collected
for 1 and 1-ScIII. The latter was prepared by adding 2 equiv of
Sc(OTf)3 to 2.5 mM solutions of 1 in 98:2 (v:v) MeCN:H2O. The
resulting solution was then added dropwise to cold ether, which
resulted in the precipitation of a green powder. All solid-state FT-IR
data were collected on a PerkinElmer Spectrum 100 FT-IR
spectrometer with samples prepared as KBr pellets.

■ RESULTS AND DISCUSSION
Formation of Intermediates 1-ScIII and 1-AlIII by

Reaction of [MnIII(OH)(dpaq)]+ with Sc(OTf)3 and Al-
(OTf)3, Respectively. We have previously reported that when
[MnIII(OH)(dpaq)](OTf) (1) is dissolved in dried MeCN,
the MnIII−hydroxo adduct establishes an equilibrium with the
dinuclear [MnIIIMnIII(μ-O)(dpaq)2]

2+ complex (Scheme 1).35

The addition of a small amount of H2O (880 equiv relative to
the total Mn; i.e., a 99:1 (v:v) MeCN:H2O solution for a 2
mM solution of 1) results in a shift of the equilibrium such that
the MnIII−hydroxo species becomes dominant in solution.
When Lewis acids are added to 1 in dried MeCN, any ensuing
reaction would be complicated by the presence of both
[MnIII(OH)(dpaq)]+ and [MnIIIMnIII(μ-O)(dpaq)2]

2+ in
solution, whereas this complication should be minimized
when Lewis acids are added to 1 in MeCN:H2O mixtures. The

Scheme 1. Equilibrium between Mononuclear
Hydroxomanganese(III) and Dinuclear (μ-
Oxo)dimanganese(III,III) Complexes
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recent reports of [MnIV(O)(dpaq)]+ and [MnIV(O)(dpaq)]+−
Lewis-acid complexes did not note the addition of water to the
MeCN solutions prior to oxidation by PhIO.11,33

When 2 equiv of Sc(OTf)3 is added to 1 dissolved in a 99:1
(v:v) MeCN:H2O solution at 25 °C, we observe the formation
of electronic absorption bands at 350, 410, 510 (shoulder),
700, and 1150 nm (Figure 2 and Table 1; the near-IR

absorption feature is evident in Supporting Information Figure
S1). The new intermediate formed under these conditions will
be referred to as 1-ScIII, simply to signify that this intermediate
is formed by the reaction of 1 with ScIII(OTf)3. The naming
scheme does not necessarily reflect any direct interaction
between ScIII(OTf)3 and 1. The electronic absorption features
observed for 1-ScIII are very similar to those reported for the

[MnIV(O)(dpaq)]+−Lewis-acid adducts, when the Lewis acids
are ScIII, AlIII, YIII, and LuIII (λmax ≈ 510 and 700 nm; see Table
1).11 However, when we prepared the [MnIV(O)(dpaq)]+−
Lewis-acid adducts in MeCN according to published
procedures,11 we observed the absorption intensities of these
complexes to be a factor of 10 higher than those of 1-ScIII

(Table 1 and Figure S2). On the basis of this difference, as well
as additional spectroscopic data described below, we can
conclude that 1-ScIII does not correspond to [MnIV(O)-
(dpaq)]+−ScIII. Due to the slow formation of 1-ScIII at room
temperature, the intermediate was also formed at 50 °C, where
the reaction reaches a maximum at approximately 1500 s. This
significantly enhanced rate of formation facilitated the kinetic
studies below.
When 2 equiv of Al(OTf)3 are added to 1 dissolved in a 99:1

(v:v) MeCN:H2O solution at 50 °C, we observe the formation
of electronic absorption bands at 350, 410, 510, and 700 nm
(Figure 2). This resulting chromophoric species will be
referred to as 1-AlIII. The position and intensities of the
electronic absorption bands of 1-AlIII are nearly identical to
those of 1-ScIII (Table 1), although the dip in absorbance near
600 nm is better resolved for 1-AlIII. As in the case of 1-ScIII,
the formation of 1-AlIII reaches a maximum approximately
1500 s after the addition of Al(OTf)3 to 1. Investigations of the
reaction of 1 with the milder Lewis acids Ca(OTf)2 and
Y(OTf)3 failed to result in any significant spectral changes
(Figure S3), suggesting no reaction of the MnIII−hydroxo
complex with these Lewis acids under these conditions.

Characterization of 1-ScIII and 1-AlIII by 1H NMR
Measurements. The 1H NMR spectra for 1-ScIII and 1-AlIII,
which were prepared using methods employed for the
electronic absorption experiments but using deuterated
solvents (98:2 MeCN-d3:D2O), are shown in Figure 3. The
1H NMR spectrum of MnIII−hydroxo 1, in the absence of any

Figure 2. Electronic absorption spectra of 2 mM [MnIII(OH)-
(dpaq)](OTf) (1) in 2 mL of 99:1 (v:v) MeCN:H2O before (black
trace) and after the addition of 2 equiv of Sc(OTf)3 (1-Sc

III; green
trace) or 2 equiv of Al(OTf)3 (1-Al

III; red trace) at 25 °C. The inset
shows the UV region for reactions that are 0.25 mM in 1.

Table 1. Electronic Absorption and Mn K-edge X-ray Absorption Properties for [MnIII(OH)(dpaq)]+ (1), [MnIII(OH)(dpaq)]+

in the Presence of 2 equiv of Sc(OTf)3 (1-Sc
III) and Al(OTf)3 (1-Al

III), [MnIII(OH2)(dpaq)]
2+ (1-H+), and

[MnIV(O)(dpaq)]+−ScIII

compd λ (nm) ε (M−1 cm−1) pre-edge energy (eV) edge energy (eV)

1 385 3190 6540.2 6550.6
500 280 6541.8
770 110

1-ScIII 350 3510 6540.3 6550.6
410 2450 6541.9
510 380
700 300
1150a 60a

1-AlIII 350 3540 NDb NDb

410 2830
712 300
1150a 60a

1-H+c 350 3530 NDb NDb

410 2460
510 300
718 260

[MnIV(O)(dpaq)]+−ScIIId 510 2720 NRe NRe

700 2910

aThis band is weak and its position and extinction coefficient are not precisely defined (Figure S1). bNot determined (ND). cPrepared according to
the procedure in ref 10, with the exception that HClO4 was used instead of HOTf. dPrepared according to the procedure in ref 11. eAlthough Mn
K-edge X-ray absorption data for this complex are available,11 the pre-edge and edge energies were not reported (NR). The Mn K-edge of
[MnIV(O)(dpaq)]+−ScIII appears to be at least 1 eV higher in energy than that of 1, while the pre-edge transition energy seems comparable.
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Lewis acids, is also included in Figure 3 and will be
summarized to provide a point of comparison. The 1H NMR
spectrum of 1 in 98:2 MeCN-d3:D2O shows 10 hyperfine-
shifted peaks from 131 to −64 ppm (Figure 3, top). Tentative
assignments for many of these resonances have come from
previous 1H NMR investigations of 1, [MnIII(OH)(dpaq5‑R)]+

derivatives, and the MnIII−methoxy complex [MnIII(OMe)-
(dpaq)]+.12,35 The quinolinyl protons for 1 give rise to the
upfield resonances from −15 to −63 ppm and the downfield
resonance at 63 ppm, while pyridyl protons are responsible for
the resonances at 130, 61, 54, and −5 ppm. The resonance at
40.5 ppm most likely arises from a backbone -CH2- group.
The 1H NMR spectrum for 1-ScIII is shown in Figure 3

(bottom). This spectrum bears a strong resemblance to that of
1. Although the chemical shifts for the proton resonances of 1-
ScIII are perturbed slightly relative to those of 1, the 1H NMR
spectra of 1 and 1-ScIII display the same number of upfield-
and downfield-shifted resonances (Figure 3 and Table 2).
Significant shifts in the upfield-shifted peaks associated with
the quinoline are observed for 1-ScIII (Figure 3). The sharp
peak at −33 ppm for 1 is shifted and could potentially
correspond to one of the two furthest upfield peaks for 1-ScIII.
The broad quinoline peak at −63.4 ppm for 1 could
correspond to the broad, weak feature at −15.3 ppm in the
spectrum of 1-ScIII. The similarities between the 1H NMR
spectra of 1 and 1-ScIII extend to the line shapes, which are

comparable between the two spectra (Figure 3). Taken
together, these spectral similarities suggest that the molecular
symmetries of 1 and 1-ScIII are quite similar. These similarities
would preclude significant interaction between ScIII and the
pyridine groups of the dpaq ligand in 1-ScIII, as that would split
the pyridine resonances into non-equivalent environments.
Moreover, the data provide strong evidence that the dpaq
ligand remains coordinated to the MnIII center in the presence
of ScIII.
The 1H NMR spectrum of 1-AlIII is nearly identical to that

of 1-ScIII (Figure 3, center and bottom). The spectra for these
samples show virtually no variation in chemical-shift values
(Table 2). The only notable difference between these spectra is
the inability to resolve resonances near 149 and −15.3 ppm for
1-AlIII (Figure 3). These peaks are the broadest peaks observed
for 1-ScIII and might be unobservable for 1-AlIII due to the
lower signal-to-noise ratio for this sample. In any case, the
near-identical appearances of the 1H NMR spectra of 1-ScIII

and 1-AlIII indicate near-identical environments for the MnIII

centers in these samples.
X-ray Absorption Spectroscopy of 1-ScIII. The X-ray

absorption near-edge spectra (XANES) for [MnII(dpaq)]-
(OTf) in MeCN, 1, and 1-ScIII are shown in Figure 4. The K-

edge energy serves as a probe for the oxidation state of the Mn
center, with shifts of 1 eV or greater to higher energy indicative
of an increase in oxidation state. The edge energy of 1-ScIII

(which is defined here as the inflection point of the rising edge
and is identified by the second derivative of the spectra) is

Figure 3. 1H NMR spectra of 2 mM [MnIII(OH)(dpaq)]+ (1)
dissolved in 98:2 MeCN-d3:D2O (top) and [MnIII(OH)(dpaq)]+ in
98:2 MeCN-d3:D2O (v:v) in the presence of 2 equiv of Al(OTf3) (1-
AlIII; center) and 2 equiv of Sc(OTf)3 (1-Sc

III; bottom).

Table 2. 1H NMR Chemical Shifts for [MnIII(OH)(dpaq)]+ (1), [MnIII(OH)(dpaq)]+ in the Presence of 2 Equiv of Sc(OTf)3
(1-ScIII) and Al(OTf)3 (1-Al

III), and [MnIII(OH2)(dpaq)]
2+ (1-H+) in 98:2 (v:v) MeCN-d3:D2O

chemical shift (ppm)

tentative assignment 1 1-ScIII 1-AlIII 1-H+

H-py 130.5 149
H-qn 62.7 72.7 73.4 71.0
H-py 60.9 64.7 66.0 63.2
H-py 54.3 44.7 42.6 44.4

40.5 22.6 (18.2, sh) 20.8 (18.3, sh) 22.5 (17.9, sh)
H-py −4.6 −5.7 −5.4 −5.5
H-qn −15.5 −15.3
H-qn −33.7 −25.7 −25.9 −25.0
H-qn −53.8 −56.8 −58.6 −55.0
H-qn −63.4 −61.8 −61.9 −60.3

Figure 4. Normalized X-ray absorption spectra for [MnII(dpaq)]-
(OTf) in MeCN (blue), 1 (black), and 1-ScIII (green) near the Mn K-
edge. Data for [MnII(dpaq)](OTf) in MeCN and 1 are from ref 38.
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6550.6 eV. This value is identical to that previously reported
for 1 and greater than that of [MnII(dpaq)](OTf) in MeCN
frozen solution (Figure 4 and Table 1), which demonstrates
that 1-ScIII retains the MnIII oxidation state. In the study of the
Lewis-acid adduct of the [MnIV(O)(dpaq)]+ complex, a
pronounced blue shift for the Mn K-edge was noted,11 further
confirming that 1-ScIII does not correspond to [MnIV(O)-
(dpaq)]+−ScIII. The rest of the XANES region for 1-ScIII,
including the pre-edge and immediate postedge regions, also
show little perturbation from 1 (Figure 4 and Table 1).
Structural Properties of 1-ScIII from EXAFS Data.

Further insight into the structural properties of 1-ScIII were
obtained by fitting the EXAFS parameters for this complex
(Figure 5). Parameters obtained from fits of the k3χ(k) data

collected for 1-ScIII are shown in Table S1. The best fit, as
determined by the reduced χ2, is bolded and italicized. In this
fit, there is an inner O/N shell at 1.92 Å with a degeneracy of 2
and an outer shell of N scatterers at 2.18 Å with a degeneracy
of 4. The best fit also includes a C shell, arising from nearby
carbons of the dpaq ligand, with a distance of 2.94 Å. The
parameters from this fit of 1-ScIII suggest that the coordination
environment has not changed significantly from 1 upon the
addition of Sc3+ (Table 3). Compared to EXAFS fitting results

for 1, the distance of the nearest O/N shell of 1-ScIII has
increased by 0.05 Å, and the distance for the outer N shell has
increased by 0.04 Å.39

The analysis of EXAFS data provides no evidence of an
interaction between the ScIII ion and the MnIII−hydroxo
complex. In a μ-oxoiron(III)scandium(III) complex, Que and
co-workers observed a large peak in the Fourier transform
beyond 3 Å due to the O-bound ScIII ion.13 The lack of such a

prominent feature beyond 3 Å in the Fourier transform of 1-
ScIII could suggest that the ScIII is not bound to the hydroxo
ligand.

Hydrocarbon Oxidation by 1-ScIII and 1-AlIII. The
effects of Sc(OTf)3 and Al(OTf)3 on the reactivity of the
MnIII−hydroxo unit was determined by investigating the
reactivity of 1-ScIII and 1-AlIII with hydrocarbons. The parent
complex, 1, shows only a limited ability to oxidize C−H
bonds.8 Upon addition of excess (>10 equiv) 9,10-dihydroan-
thracene (DHA) to 1-ScIII at 50 °C, the optical signals decay
by a pseudo-first-order process, which can be fit to yield a kobs
value (Figure 6, top). A plot of kobs as a function of DHA

concentration is linear and yields a corrected second-order rate
constant (k2,corr; where the correction pertains to the number
of abstractable C−H bonds) of 0.16(1) M−1 s−1 (Figure 6,
bottom). Notably, 1 shows no reactivity with DHA. Indeed,
the only MnIII−OH complex that is currently known to react
with DHA is [MnIII(OH)(PY5)]2+, which had a k2,corr of
0.0055 M−1 s−1 at 50 °C in MeCN.6 The 30-fold faster rate of
1-ScIII demonstrates the ability of a redox inactive Lewis acid
to greatly increase the reactivity of the complex and allows for
reactions with substrates of bond strengths that were
previously inaccessible.
The ability of 1-ScIII to oxidize C−H bonds stronger than

those of DHA (BDFE of 76 kcal mol−1)40 was explored. The
addition of excess ethylbenzene (BDFE = 87 kcal mol−1)40 to
1-ScIII at 50 °C led to the disappearance of the optical signal at

Figure 5. Fourier transform of Mn K-edge EXAFS data and raw
EXAFS curve (inset) for 1-ScIII with experimental (dotted lines) and
fit (solid lines). Parameters for the fit are bolded and italicized in
Table S1.

Table 3. Comparison of the Parameters Derived from the
Best EXAFS Fits for 1 and 1-ScIII

complex path n R (Å) σ2 × 103

1a O/N 2 1.87 4.81
N 4 2.14 5.21
C 6 2.91 8.89

1-ScIII O/N 2 1.92 6.32
N 4 2.18 5.87
C 6 2.94 4.84

aValues from ref 38.

Figure 6. (Top) Electronic absorption spectrum of 1.25 mM 1-ScIII in
2 mL of 99:1 (v:v) MeCN:H2O before (red trace) and after (dashed
black and solid blue traces) addition of 100 equiv of DHA. Inset
shows the decay of the 700 nm electronic absorption signal as a
function of time. (Bottom) Plot of kobs as a function of substrate
concentration for DHA (black) and ethylbenzene (red).
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700 nm. This disappearance followed psudo-first-order
behavior, and a plot of kobs values versus ethylbenzene
concentration permitted the determination of a corrected
second-order rate constant of 0.043(3) M−1 s−1 (Figure 6,
bottom). The decrease in reaction rate of 1-ScIII with the
stronger C−H bond of ethylbenzene is in line with the Bell−
Evans−Polayni relation, where reactions with lower thermody-
namic driving forces display slower reaction rates.
To determine the effect of Lewis-acid identity on the rate of

C−H bond oxidation, we performed complementary inves-
tigations of DHA oxidation by 1-AlIII. The electronic
absorption bands of 1-AlIII showed pseudo-first-order decay
behavior upon the addition of DHA, and an analysis of a plot
of kobs versus DHA concentration yields a second-order rate
constant (k2,corr) of 0.25(2) M−1 s−1 (Figure S4). Thus, the
rates of DHA oxidation of 1-ScIII and 1-AlIII are very similar.
Previous investigations of hydrocarbon oxidation by
[MnIV(O)(dpaq)]+−Lewis-acid adducts found the [MnIV(O)-
(dpaq)]+−ScIII and [MnIV(O)(dpaq)]+−AlIII complexes to
have rates for cyclohexadiene oxidation that were virtually
identical (0.016(1) and 0.018(1) M−1 s−1 at −20 °C,
respectively).11

The reaction of 1-ScIII with DHA yields multiple oxidation
products of DHA. In total, we observe 0.40 equiv of
anthracene, 0.30 equiv of anthrone, 0.23 equiv of 9,10-
dihydroanthracene-9-ol, and 0.07 equiv of anthraquinone
relative to the starting MnIII concentration (Figure S5).
These products are consistent with an initial hydrogen atom
abstraction from DHA by 1-ScIII that yields a monohydroan-
thracene radical. This radical then undergoes subsequent decay
reactions, several of which involve trapping by dioxygen, to
give the observed products. This distribution of organic
products contrasts with that reported for DHA oxidation by
MnIV-oxo and MnIII-oxo centers, where ca. 0.50 equiv of
anthracene has been observed for each equivalent of Mn-oxo
complex.9,41

The electronic absorption spectrum of the product solution
reveals a weak band centered near 710 nm (Figure 6, top). The
[MnII(dpaq)(NCMe)]+ complex, which is an expected product
of the reaction, shows only a weak electronic absorption band
at 510 nm (ε = 130 M−1cm−1),8 and thus this complex cannot
account for the 710 nm feature. The absorption spectrum of
[MnII(dpaq)](OTf) in a 98:2 (v:v) MeCN:H2O solution in
the presence of 2 equiv of Sc(OTf)3 likewise shows no features
near 710 nm (Figure S6). Because the electronic absorption
data do not offer clear insight into the nature of the Mn

product, we attempted to characterize this product using EPR
and 1H NMR spectroscopies. The EPR spectrum of the
product solution reveals a six-line signal centered near g = 2.00
(Figure S7). This EPR signal is distinct from that of
[MnII(dpaq)](OTf) in a 98:2 (v:v) MeCN:H2O solution
with 2 equiv of Sc(OTf)3 but resembles that previously
reported for the aquated MnII ion.42 Spin quantification reveals
that this signal can account for only 20% of the Mn in the
solution. 1H NMR investigation of the product solution reveals
the disappearance of signals associated with 1-ScIII and the
appearance of a small set of new hyperfine-shifted peaks
(Figure S8). These signals, which presumably arise from some
MnIII species distinct from 1 and 1-ScIII, could arise from
oxidation of the MnII product and/or from the product of
some side reaction.

Possible Formulations for 1-ScIII and AlIII. The
spectroscopic data collected for 1-ScIII and AlIII clearly
establish a perturbation in the geometric and electronic
structures of these complexes relative to the MnIII−hydroxo
species 1. 1H NMR data for 1-ScIII and AlIII show large signal
shifts relative to 1, but, at least for 1-ScIII, the number of signals
observed requires that the MnIII center in this complex
maintains the same symmetry as that in the MnIII−hydroxo
complex 1. This result is consistent with an interaction
between ScIII and either the hydroxo moiety or the oxygen of
the amide trans to the hydroxo (Scheme 2A). Because of the
nearly identical 1H NMR spectra of 1-ScIII and 1-AlIII, a similar
interaction with AlIII could be presumed. Binding a Lewis acid
to either the hydroxo or amide carbonyl function would be
expected to result in elongation of the axial Mn−ligand bonds,
which is supported by the EXAFS parameters for 1-ScIII (Table
3) and the electronic absorption signals of 1-ScIII. By analogy
to other six-coordinate MnIII complexes,43 the 1150 nm
absorption band of 1-ScIII can be attributed to a MnIII 3dx

2
−y

2

→ 3dz
2 one-electron excitation, where the z-axis lies along the

Namide−Mn−OH vector, and the x- and y-axes are roughly
coincident with the equatorial Mn−N bond axes. The red shift
in this band compared to that of 1 (780 nm) is consistent with
stabilization of the MnIII 3dz

2 acceptor MO through axial
elongations. The lack of a signature metal−metal scatterer peak
in the Fourier transform of the EXAFS data for 1-ScIII suggests
that Sc3+ is not bound to the hydroxo ligand. However, this
result does not provide definitive support that the Sc3+ is
binding to the amide oxygen. Lewis-acid binding to the
carbonyl oxygen of the dpaq ligand would result in a Mn···

Scheme 2. Possible Structures for 1-ScIII, Featuring Direct ScIII Binding (A) or Protonation Due to the Acidity of the ScIII−
Aqua Adduct (B)
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Lewis-acid scattering distance of ca. 6 Å, which would be
challenging to detect from EXAFS data.
Given that the spectroscopic data collected for 1-ScIII fail to

provide any evidence for a direct interaction between the ScIII

ion and the MnIII−hydroxo complex, there is an alternative
proposal to consider due to the presence of significant H2O in
solution. The addition of Sc(OTf)3 to the 99:1 (v:v)
MeCN:H2O solution should result in the formation of ScIII−
aqua species. Given that [Sc(OH2)6]

3+ has a pKa of 4.3−
4.8,44,45 a ScIII−aqua adduct could protonate the MnIII−
hydroxo complex 1, likely forming the previously reported
MnIII−aqua species [MnIII(OH2)(dpaq)]

+ (Scheme 2B). The
reported pKa for [MnIII(OH2)(dpaq)]

2+ (6.78 in MeCN)
suggests this process would be thermodynamically favorable.10

Comparison of 1-ScIII and 1-AlIII with [MnIII(OH2)-
(dpaq)]2+ (1-H+). To compare the spectroscopic properties of
1-ScIII and 1-AlIII to those of the MnIII−aqua species
[MnIII(OH2)(dpaq)]

2+, we independently prepared the latter
by treating 1 with HClO4 in 99:1 (v:v) MeCN:H2O. With this
approach, we rely on the previous work of Nam and co-
workers that established that the reaction of 1 with strong acid
leads to the protonation of the hydroxo ligand.10 We first
verified the formation of [MnIII(OH2)(dpaq)]

2+ on the basis of
the reported electronic absorption band maxima and intensities
in the UV region. Treatment of a 0.25 mM solution of 1 with 1
equiv of HClO4 in MeCN at 50 °C led to the appearance of
new electronic absorption bands at 350 and 410 nm (Figure 7,
top), which are identical to those reported previously for
[MnIII(OH2)(dpaq)]

2+ (λmax = 350 and 410 nm in MeCN at

25 °C).10 A 0.25 mM sample of 1-ScIII was prepared to
compare the near-UV features of this sample with that of 1-H+.
As seen in Figure 6 (bottom), 1-ScIII shows near-UV bands
with positions and intensitites indistinguishable from those of
1-H+ (see also Table 1). Electronic absorption spectra of more
concentrated (1.25 mM) solutions of 1-ScIII and 1-H+ likewise
reveal very similar optical features in the visible region (Figure
6, bottom).
As a further means of comparing 1-ScIII and 1-H+, we

collected 1H NMR data for the latter complex in 98:2 (v:v)
MeCN-d3:D2O. The 1H NMR spectrum of [MnIII(OH2)-
(dpaq)]+ is virtually identical to that of 1-ScIII (Figure 8). In

particular, the hyperfine-shifted resonances for these samples
display chemical shifts that differ by less than 2 ppm (Table 2).
Thus, both electronic absorption 1H NMR data provide strong
evidence that treatment of [MnIII(OH)(dpaq)]+ with ScIII in
wet MeCN results in the formation of the [MnIII(OH2)-
(dpaq)]+ species. Since the spectroscopic data for 1-ScIII and 1-
AlIII are nearly identical, we can also conclude that the addition
of AlIII to 1 likewise results in the formation of the MnIII−aqua
complex 1-H+. This formulation also explains a lack of
reactivity of 1 with milder Lewis acids, such as Ca(OTf)2
and Y(OTf)3 (Figure S3); these Lewis acids are not sufficiently
acidic to cause protonation of the MnIII−hydroxo adduct.
In further support of this proposal, treatment of 1-ScIII and

1-AlIII with 3 equiv of triethylamine causes the electronic
absorption features of these species to revert to those of the
MnIII−hydroxo adduct 1 (Figure S9). This chemistry thus
matches that reported for [MnIII(OH2)(dpaq)]

2+ upon
treatment with base.10 In addition, the [MnIV(O)(dpaq)]+−
AlIII adduct, prepared using a previously reported method,11

shows no reaction with 3 equiv of triethylamine (Figure S9),
further confirming that the visible absorption features of 1-AlIII

do not arise from a small amount of the MnIV−oxo complex.
This assignment of 1-ScIII as 1-H+ is also consistent with the

metric parameters of 1-ScIII that were obtained from an
analysis of the EXAFS data (Table 3). The Mn−ligand
distances from the crystal structure of [MnIII(OH2)(dpaq)]

2+

would correspond to an n = 2 O/N shell at 1.93 Å (from the
hydroxo and amide functions) and an n = 4 N shell at 2.16 Å
(from the pyridine, quinoline, and amine functions).10 The
distances for these shells agree very well with the parameters
derived from the EXAFS fit for 1-ScIII (1.92 and 2.18 Å for the
O/N and N shells, respectively; see Table 3).

Figure 7. (Top) Overlay of the electronic absorption spectra for
[MnIII(OH2)(dpaq)]

2+ (purple trace) and 1-ScIII (green trace). The
electronic absorption spectrum of 1 (black trace) is included for
comparison. (Bottom) Electronic absorption spectra showing the
optical changes observed after the addition of 1 equiv of HClO4 to 1
in 99:1 (v:v) MeCN:H2O at 50 °C.

Figure 8. 1H NMR spectra of 2 mM 1-ScIII in MeCN-d3 in 99:1 (top)
and 2.5 mM 1-H+ in 98:2 (v:v) MeCN-d3:D2O.
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Comparison of the Reactivity of 1-H+, 1-ScIII, and 1-
AlIII in Hydrocarbon Oxidation. To evaluate our prediction
that the addition of ScIII and AlIII to 1 result in the formation of
the MnIII−aqua complex 1-H+, we explored the reactivity of
the latter complex with DHA and ethylbenzene. (A previous
investigation of the reactivity of 1-H+ focused on its ability to
oxidize the O−H bonds of phenolic substrates; reactions of 1-
H+ with hydrocarbons were not reported.10) The reaction of 1-
H+ with excess DHA in 99:1 (v:v) MeCN:H2O at 50 °C
follows pseudo-first-order behavior (Figure 9). Experiments

using different DHA concentrations allow us to determine a
second-order rate constant for DHA oxidation by 1-H+ of
0.19(1) M−1 s−1 (Figure 10). This rate is identical, within

error, to the rates of DHA oxidation by 1-ScIII and 1-AlIII

(Figure 10). In addition, an analysis of organic products
following the reaction of DHA with 1-H+ shows the formation
of a mixture of oxidized derviatives of DHA, whose ratios are
essentially identical to that observed for DHA oxidation by 1-
ScIII (Figure S10). The similarities in rates and product yields
for DHA oxidation by 1-ScIII and 1-H+ support the notion that
the oxidant formed is the same in each case.
Possible Alternative Formulation for the Product of 1

with Protons and Lewis Acids. In the formulation of the
product of the reaction of 1 with H+ (and, by analogy,
ScIII(OTf)3 and AlIII(OTf)3), we have relied on the previous
solid-state structure of [MnIII(OH2)(dpaq)]

2+.10 Since solid-

state structures are not always representative of solution-phase
composition, we have considered an alternative structure given
the relative basicities of the coordinating ligands. The amide
nitrogen of the dpaq ligand is quite basic and represents an
alternative site for protonation of 1.46 Protonation at this
position would be expected to cause a large rearrangement of
the dpaq ligand. An X-ray structure of [MnII(Cl2)(dpaqH)]
provides a model for metal coordination by the protonated
dpaqH ligand (Figure 11).47 For [MnII(Cl2)(dpaqH)], the

dpaqH ligand is coordinated in a tetradentate fashion through
the two pyridyl functions, the tertiary amine and the carbonyl
oxygen. The quinolinyl arm is noncoordinating.47 In the case
of the reaction of 1 with protons or Lewis acids in the presence
of excess water, dpaq protonation and metal ion coordination
in a similar fashion would give two coordination sites that
could be occupied by hydroxo ligands (Figure 11). A
bis(hydroxo)manganese(III) complex would be a reasonable
hydrogen-atom abstraction agent, consistent with the observed
chemistry of 1-H+, 1-ScIII, and 1-AlIII. Although we interpret
the similarities in the 1H NMR spectra of 1, 1-H+, 1-ScIII, and
1-AlIII (Figures 3 and 8) as indicative of a common binding
mode for the dpaq ligand, the 1H NMR data do not
unambiguously rule out the [MnIII(OH)2(dpaqH)]

2+ formu-
lation.
We investigated the possibility of amide protonation for

these complexes by collecting IR data for solution and solid-
state samples of 1 and 1-ScIII. Unfortunately, the solution-state
IR data are dominated by solvent-derived peaks and offer no
conclusive evidence for or against the presence of an N−H
vibration from an amide group. The dominance of solvent-
derived features in the solution-phase IR data also complicates
any comparison of solution- and solid-state IR data for 1-ScIII.
A detailed discussion of these IR results is provided in the
Supporting Information.
In summary, solution and solid-state IR data cannot be used

to discount amide protonation upon the reaction of 1 with H+

in solution. Therefore, this possible alternative formulation
may be considered until more fully evaluated. Regardless of the
solution-phase structure for the protonated form of 1, our
central finding is the same, namely, that treatment of 1 with
strong Lewis acids leads to the same effect as treatment with
the Brønsted acid H+. Thus, the primary effect of the Lewis
acids in the present case is to coordinate to water and increase
the Brønsted acidity of the solution.

Figure 9. Electronic absorption spectrum of 1.25 mM 1-H+ in 2 mL
of 99:1 (v:v) MeCN:H2O before (red trace) and after (blue trace) the
addition of 50 equiv of DHA. Inset shows the decay of the 700 nm
electronic absorption signal as a function of time.

Figure 10. Plot of kobs for the reaction of 1-ScIII (green points), 1-AlIII

(blue points) and 1-H+ (purple points) with DHA as a function of
DHA concentration.

Figure 11. (A) ORTEP rendering of the X-ray diffraction structure of
[MnII(Cl2)(dpaqH)] with hydrogen atoms omitted for clarity.47 (B)
Potential structure of [MnIII(OH)2(dpaq)]

2+.46
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■ CONCLUSIONS AND PERSPECTIVE

Several biological catalysts, such as CuZn superoxide dismutase
(CuZnSOD) and the oxygen-evolving complex of photosystem
II, utilize Lewis acids to modulate the properties and chemical
reactivity of redox-active metal centers.48,49 The presence of a
CaII ion in the tetramanganese cluster of the oxygen-evolving
complex is critical to the water-splitting activity of this catalyst.
Inspired by these observations from biology, there is significant
current interest in understanding the influence of Lewis acids
on the properties and oxidative reactivity of synthetic
transition-metal complexes. In many cases, ligand design is
employed to incorporate Lewis basic functional groups capable
of binding Lewis acids in positions adjacent to redox-active
metal centers.30,31,50−56 Achievements in this area have shown
the profound effect Lewis acids can have on modulating the
reduction potentials of adjacent transition metals.
Lewis acids have also been shown to influence the chemical

reactivity of transition-metal complexes lacking motifs
designed for Lewis-acid binding.13−28,57−59 In these cases, an
interaction of the Lewis acid with a Lewis basic site on the
transition metal is commonly presumed; however, detailed
spectroscopic or crystallographic characterization of these
proposed interactions is often lacking. In such cases the effect
of the Lewis acid on chemical reactivity is known, but, given
the lack of structural information, the exact cause for this effect
is unclear.
In this present study, we have shown that the addition of

highly Lewis acidic ScIII and AlIII salts to the mononuclear
MnIII−hydroxo complex 1 generates new intermediates 1-ScIII

and 1-AlIII. Because the spectroscopic properties of 1-ScIII and
1-AlIII are perturbed, yet still very similar, to those of 1, we
conclude that these Lewis acids do not cause any gross
distortions to the dpaq ligand binding mode. In contrast, the
additions of ScIII and AlIII have profound effects on the
oxidative reactivity of 1. In the absence of these Lewis acids, 1
is only capable of sluggishly attacking hydrocarbons with very
low BDFEs (ca. 73 kcal mol−1). In contrast, in the presence of
ScIII, 1 can attack the significantly stronger C−H bond of
ethylbenznene. The rate of reaction of 1-ScIII with DHA (0.16
M−1 s−1) exceeds that for DHA oxidation by several MnIV−oxo
adducts at similar temperatures.60,61

The influence of ScIII and AlIII on the physical properties and
reactivity of 1 were readily understood by comparing the
spectroscopic properties of 1-ScIII and 1-AlIII with those of the
recently reported MnIII−aqua complex 1-H+.10 The electronic
absorption properties of these three complexes are remarkably
similar (Figure 7), and the 1H NMR spectra of these species
are essentially identical (Figure 8). Accordingly, we propose
that the addition of ScIII and AlIII to 1 in a 99:1 (v:v)
MeCN:H2O solution increases the Brønsted acidity of the
solution, resulting in protonation of the MnIII−hydroxo 1 to
give the MnIII−aqua 1-H+. (The water is a necessary
component of the solvent mixture because of an equilibrium
between this MnIII−hydroxo complex and a (μ-oxo)-
dimanganese(III,III) analogue; see Scheme 1.) The enhanced
oxidative reactivity of 1-H+ compared to 1 can be understood
on the basis of the very different reduction potentials of these
complexes (+1.03 and −0.1 V versus SCE, respectively).8,10

Thus, the MnIII−aqua species is a far better oxidant than the
MnIII−hydroxo analogue, and this difference in thermody-
namic driving force can account for the enhanced reactivity
toward hydrocarbons. Because previous generation of 1-H+

utilized a superacid (triflic acid), the formation of 1-H+

reported here represents an alternative synthesis employing
milder reagents (Lewis acids).
These present results serve as a counterpoint to previous

proposals that strong Lewis acids modulate reactivity primarily
through interaction with Lewis basic sites on the metal
complex. While direct interactions are certainly possible, and
even likely, in some cases, the interaction of strong Lewis acids
with water, and, potentially, other protic solvents, will change
the Brønsted acidity of the reaction solution. From our
investigation of the literature, this mode of Lewis-acid
modulation of reactivity has been considered less frequently.
An exception is a recent work by Browne and co-workers, who
demonstrated that the primary effect of Sc(OTf)3 on the
activity of a dimanganese(IV) catalyst was through a
modulation of the Brønsted acidity of the solution.62 Whether
these results pertain primarily, or exclusively, to MnIII−
hydroxo and dimanganese(IV) systems remains to be seen.
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