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ABSTRACT: This paper reports the preparation of three mono-
nuclear Mn(III) complexes supported by a pentadentate, dianionic
N4O donor ligand, L2− (H2L = 2-((2-((2-hydroxybenzyl)(methyl)-
amino)ethyl)(methyl)amino)-N-(quinolin-8-yl)acetamide):
[MnIII(L)(OMe)] (1OMe), {Na[MnIII(L)(OMe)]}1+ (Na+1OMe), and
[MnIII(L)(MeOH)]1+ (1MeOH+). The complexes were characterized
by analytical and spectroscopic techniques, including magnetic
measurements, X-ray crystallography for Na+1OMe and 1MeOH+, and
23Na NMR spectroscopy for Na+1OMe. Complexes 1OMe and Na+1OMe

contain a terminal MnIII−OMe unit, while Na+1OMe forms a Na+
Lewis acid adduct through interaction with methoxide and phenoxide
oxygen atoms. Complex 1MeOH+ features a terminal methanol ligand,
serving as the protonated analog of [MnIII(L)(OMe)]. These
complexes abstract hydrogen atoms from 4-R-2,6-di-tert-butylphenols (R = OMe, Me, H, Br), with rates increasing in the order
1OMe < Na+1OMe < 1MeOH+, consistent with anodically shifted MnIII/MnII redox potentials. Hammett and Bell−Evans−Polanyi
analyses, large negative ΔS‡ values, and kinetic isotope effects support an apparent concerted proton−electron transfer (CPET)
pathway. However, nonzero slopes (−0.262 to −0.286) in Marcus-type plots indicate an oxidatively asynchronous CPET pathway.
Density functional theory calculations, including electrostatic potential mapping, asynchronicity factor (η) evaluation, and free-
energy analysis of electron- and proton-transfer steps, further support the ET-dominated concerted pathway. The study reveals that
binding of H+ or Na+ to the Mn(III)-OMe complex increases the oxidative asynchronicity factor, facilitating phenolic O−H bond
activation during hydrogen-atom transfer.

■ INTRODUCTION
Manganese (Mn) is an essential trace element that plays
versatile roles in biological systems. One significant function is
its involvement in redox reactions found in numerous
enzymatic processes.1−4 While high-valent Mnn+-oxo species
are well-recognized for their critical function in substrate
oxidation reactions,5−11 midvalent Mn(III)-hydroxo species
also play crucial roles in various natural oxidation pro-
cesses.10−18 A notable example is manganese superoxide
dismutase (MnSOD), which protects cells from oxidative
stress by converting superoxide radicals into hydrogen
peroxide and molecular oxygen.12−14 It has been proposed
that, in the oxidized form of MnSOD, its active site contains a
Mn(III)−OH unit that catalyzes the oxidation of superoxide to
dioxygen�an essential step in the superoxide disproportiona-
tion reaction. Another intriguing Mn redox enzyme is Mn-
lipoxygenase (MnLOX), which also features a Mn(III)−OH
unit in its active site. The MnLOX enzyme catalyzes the
oxidation of a C−H bond in polyunsaturated fatty acids by
abstracting a hydrogen atom, resulting in the dioxygenation of
fatty acids and the formation of lipid hydroperoxides.15−18

Interestingly, in both MnSOD and MnLOX, the terminal
Mn(III)−OH units mediate proton-coupled-electron-transfer
(PCET), facilitating substrate oxidation while undergoing
reduction to MnII−OH2 species. The importance of these
reactions lies in the fact that substrate oxidation occurs without
the need for higher-valent manganese oxidation states. In
recent years, there has been increasing interest in exploring the
reactivity of the midvalent Mn(III)−OH motifs due to their
potential applications as mild oxidants in various oxidative
transformation reactions.10,11,19−29

Several research groups have prepared Mn(III)-OR (R = H,
CH3, etc.; Chart 1) compounds over the past few years and
demonstrated their reactivity in oxidizing X−H substrates (X =

Received: January 4, 2026
Revised: March 18, 2026
Accepted: March 24, 2026
Published: April 3, 2026

Articlepubs.acs.org/IC

© 2026 American Chemical Society
8465

https://doi.org/10.1021/acs.inorgchem.6c00033
Inorg. Chem. 2026, 65, 8465−8480

D
ow

nl
oa

de
d 

vi
a 

IN
D

IA
N

 I
N

ST
 O

F 
T

E
C

H
 K

H
A

R
A

G
PU

R
 o

n 
A

pr
il 

20
, 2

02
6 

at
 1

4:
42

:0
7 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mofijul+Molla"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anannya+Saha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nirmalya+Podder"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suman+K.+Barman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sukanta+Mandal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.6c00033&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00033?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00033?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00033?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00033?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00033?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/inocaj/65/15?ref=pdf
https://pubs.acs.org/toc/inocaj/65/15?ref=pdf
https://pubs.acs.org/toc/inocaj/65/15?ref=pdf
https://pubs.acs.org/toc/inocaj/65/15?ref=pdf
pubs.acs.org/IC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.inorgchem.6c00033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/IC?ref=pdf
https://pubs.acs.org/IC?ref=pdf


C/O).19−29 The activation of these X−H bonds involves a
PCET process, where a net hydrogen atom (H• = H+ + e−) is
transferred from the organic substrate to the Mn(III)-OR unit.
During this transfer, the proton binds to the basic OR group
bound to the metal, while the electron is transferred to the
central Mn(III) ion, resulting in the production of Mn(II)-
O(H)R as a metal-based reduced product. This strategy helps
prevent the formation of high-valent metal-oxo intermediates
during the activation of X−H bonds.
From a thermodynamic perspective, the bond dissociation

free energy (BDFE) of the O−H bond in the Mn(II)-O(H)R
product should be larger than the BDFE of the X−H bond
being broken for efficient hydrogen atom abstraction by the
Mn(III)-OR species. The BDFE of the O−H bond in Mn(II)-
O(H)R can be correlated with the Mn3+/Mn2+ redox potential
and the pKa of the conjugate acid of Mn3+/2+-OR, as described
in Scheme 1 and the Bordwell equation: BDFE(Mn(II)(RO‑H)) =
23.06E(Mn3+/Mn2+) + 1.37(pKa) + CG,sol, where CG,sol is a
solvent-dependent constant (e.g., CG,MeOH = 63.4 kcal/mol)
that accounts for the formation and solvation of H• in the
solvent.30,31

Therefore, the ability of an Mn(III)-OR species to abstract
hydrogen atoms is determined by the strength of the O−H
bond formed in the Mn(II)-O(H)R product. A higher BDFE
of Mn(II)(RO-H) allows the Mn(III)-OR species to efficiently
abstract hydrogen from stronger X-H substrates. By manipulat-
ing redox potential and acidity parameters through ligand
modifications, the BDFE of the O−H bond in Mn(II)-O(H)R
can be adjusted according to the Bordwell equation. This
relationship provides a basis for designing more efficient
Mn(III)-OR oxidants.
Among the “Mn(III)−OH” complexes reported in the

literature (Chart 1), Stack’s [MnIII(OH)(PY5)]2+ (I) complex
(PY5 = 2,6-bis(bis(2-pyridyl)methoxymethane)-pyridine) is
particularly notable for its remarkable reactivity.19 This
complex efficiently cleaves C−H bonds of various strengths,
for example, those in xanthene (BDFEC−H = 70.2 kcal/mol in
DMSO), 9,10-dihydroanthracene (BDFEC−H = 72.9 kcal/mol
in DMSO), fluorene (BDFEC−H = 74.3 kcal/mol in DMSO),
and the particularly robust C−H bond in toluene (BDFEC−H =
81.6 kcal/mol in the gas phase).19,31 The capability of this
complex in oxidizing stronger bonds is attributed to the
relatively high BDFE of the O−H bond formed in the
[MnII(OH2)(PY5)]2+ product (74.7 kcal/mol in acetoni-
trile).31 On the other hand, Kovacs’s [MnIII(OH)-
(SMe2N4(tren))]1+ (IIH) complex20 (SMe2N4(tren) = 3-((2-
(bis(2-aminoethyl)-amino)ethyl)imino-2-methylbutane-2-thio-
late) can only break the weak O−H bond of 2,2′,6,6′-
tetramethylpiperidine-1-ol (TEMPOH), which has an O−H
BDFE of only 66 kcal/mol estimated in MeCN.31 This
subdued reactivity of Kovacs’s complex is due to the formation
of a weaker O−H bond in the [MnII(OH2)(SMe2N4(tren))]1+
product (BDFE of 65.3 kcal/mol in MeCN, recalculated).20,31

Recently, Jackson and co-workers have developed a mono-
nuclear [MnIII(OH)(dpaq)]1+ (IIIH) complex21 (dpaq = 2-
(bis(pyridine-2-ylmethyl))amino-N-quinolin-8-ylacetamidate)
whose hydrogen atom abstraction (HAA) reactivity lies
between those of the [MnIII(OH)(PY5)]2+ (I) and
[MnIII(OH)(SMe2N4(tren))]1+ (IIH) complexes. This complex

Chart 1. Representative Structures of MnIII−O(R) Complexes Reported in the Literature: [MnIII(OH)(PY5)]2+ (I),19

[MnIII(OR)(SMe2N4(tren))]1+ (IIR),
20 [MnIII(OH)(dpaq5R)]1+ (IIIR),21,25,27 [MnIII(OH)(pinF)2]2− (IV),28 [MnIIIH3bpuea-

R(O)]2− (VR),38 [MnIII(OH)(PaPy2N)]1+ (VI),
26 [MnIII(OH)(PaPy2Q)]1+ (VII),

26 [MnIII(OMe)(dpaq)]1+ (VIII).22a

aAll structures are drawn using the ChemDraw software program.

Scheme 1. Thermodynamic Square Scheme for Proton-
Electron Transfer to a MnIII−OR/MnII−O(H)R Complex
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was only effective in oxidizing the weak C−H bond of
xanthene. However, it could efficiently oxidize various O−H
substrates, including TEMPOH and moderate O−H bonds in
phenolic compounds like 2,6-di-tert-butyl-4-methoxyphenol
(BDFEO−H = 72 kcal/mol in MeCN), 2,4,6-tritert-butyl phenol
(2,4,6-TTBP, BDFEO−H = 74.8 kcal/mol in MeCN), etc.31

Doerrer et al. recently reported a Mn(III)−OH complex,
[MnIII(OH)(pinF)2]2− (IV), supported by an all-O-donor
perfluoropinacolate ligand.28 This complex could oxidize N−H
(1,2-diphenylhydrazine) and O−H (2,4,6-TTBP and TEM-
POH) bonds via HAA pathways. The BDFE of the O−H bond
in the reduced transient [MnII(HO-H)(pinF)2]2− species was
estimated to be 67−70 kcal/mol in THF.
While the BDFE parameters provide a benchmark for the H

atom abstraction ability of Mn(III)-OR complexes, the
reactivity rate is influenced by the contributions of the
energetics of the electron-transfer and proton-transfer
processes to the free energy change of the reaction. In
Mn(III)-OR-mediated HAA reactions, the transfer of electron
and proton at the respective Mn(III) and OR centers can
occur either in a single kinetic step (concerted proton−
electron transfer, CPET) or multiple steps (electron transfer
followed by proton transfer, or vice versa, ET-PT or PT-ET).
The CPET process is generally more energetically favorable
than the stepwise ET-PT or PT-ET pathways.32 However,
recent studies suggest that CPET can occur nonsynchro-
nously,33,34 where the transition state may possess either
dominant ET (oxidative asynchronous) or PT (basic
asynchronous) character.35 Calculations show that a greater
imbalance between ET and PT characteristics in the transition
state can reduce the activation barrier more effectively than
synchronous processes, leading to a faster rate.36

Adjusting redox potential and pKa are not entirely
independent; changing one affects the other in the opposite
direction. This reverse relationship between E1/2 and pKa
typically counterbalances their impacts on the overall BDFEs.
Several strategies have been employed to achieve greater
alteration of one parameter over the other between E1/2 and
pKa, such as modifying primary coordination spheres, altering
electronic effects, and regulating secondary coordination
sphere interactions (e.g., hydrogen bonds).20,25−27,37,38 The
disparity in the variation of E1/2 and pKa can lead to an
imbalanced transition state with either more ET or PT
character. This approach has been found effective in
accelerating C−H and O−H bond activations. For instance,
the HAA reactivity rate of the [MnIII(OH)(dpaq)]1+ (IIIH)
complex toward substrates with O−H bonds was improved by
incorporating electron-withdrawing substituents at the 5-
position of the quinoline moiety in the dpaq ligand
{[MnIII(OH)(dpaq5R)]1+; R = Cl (IIICl), NO2 (IIINO2)}.25,27

This improved reactivity with electron-withdrawing groups is
due to a larger increase in the MnIII/MnII redox potential than
the pKa variation, which facilitates the reaction passing through
an ET-dominated imbalanced transition state, favoring the
oxidative asynchronous mechanism over a balanced CPET
pathway.27 In our previous work, we also observed a similar
rate enhancement for the electron-withdrawing groups (OMe
< H < Cl < NO2) in C−H bond activation of linoleic acid
using [FeIII(OH)(L5R)]1+ and [FeIII(OH2)(L5R)]2+ complexes
(HL5R = 2-(((1-methyl-1H-imidazol-2-yl)methyl)(pyridin-2-
yl-methyl)amino)-N-(5-R-quinolin-8-yl)acetamide), following
an oxidative asynchronous CPET mechanism.37

Tuning the pKa is also a promising strategy for regulating the
HAA reactivity. For example, Borovik and co-workers
demonstrated the basicity-controlled mechanism of HAA
reactions with their MnIII−O complexes, [MnIIIH3bpuea-
R(O)]2− (VR; R = OMe, H, Cl, F, CF3, Chart 1).38 Here,
varying R groups from electron-donating to -withdrawing
systematically adjusted the basicity of the MnIII−O complexes
by altering the H-bond strength of the ureayl N−H group with
the oxido unit. These [MnIIIH3bpuea-R(O)]2− complexes
activate the C−H bond of 9,10-dihydroanthracene through a
PT-dominated CPET mechanism. The reaction rates depend
more on changes in the basicity of the MnIII−O complexes
than on variations in redox potentials. A linear relationship was
observed between the reactivity rate and the basicity of the
complexes, with the most basic complex (R = OMe) exhibiting
the highest rate constant.
Besides modifying the R substituents in the supporting

ligand, the E1/2 and pKa values�and hence the reactivity
rate�can also be regulated by changing the R group in the
Mn(III)-OR unit. This approach has been demonstrated using
the series of [MnIII(OR)(SMe2N4(tren))]1+ complexes (IIR; R
= H, Me, Ph, pNO2Ph) reported by Kovacs’s group.20 In this
series, complexes with electron-withdrawing R groups (R = Ph,
pNO2Ph) were inactive in TEMPOH oxidation reactions. In
contrast, the Mn(III)-OR complexes with electron-donating R
groups (R = H, Me) showed TEMPOH oxidation at
comparable rates. The increase in E1/2 values for the
electron-withdrawing [MnIII(OpNO2Ph)(SMe2N4(tren))]1+
and [MnIII(OPh)(SMe2N4(tren))]1+ complexes was insufficient
to overcome the extremely low pKas, which limited their ability
to provide the necessary driving force for HAA reactions.
The presence of a H-bond acceptor near the Mn(III)−OH

unit has been recognized as another way to enhance reaction
rates. Jackson et al. demonstrated this rate-enhancing effect of
intramolecular H-bonding within Mn(III)−OH by comparing
the reactivity of two related Mn(III)−OH compounds:
[MnIII(OH)(PaPy2N)]1+ (VI) and [MnIII(OH)(PaPy2Q)]1+
(VII).26 The [MnIII(OH)(PaPy2N)]1+ complex contains a
naphthyridinyl moiety that forms an intramolecular H-bond
with the OH ligand. In contrast, [MnIII(OH)(PaPy2Q)]1+
lacks an H-bond accepting group in its ligand framework.
The [MnIII(OH)(PaPy2N)]1+ complex exhibited substantial
rate enhancements in O−H bond oxidations compared to the
[MnIII(OH)(PaPy2Q)]1+ complex. This increased reactivity of
the [MnIII(OH)(PaPy2N)]1+ complex was attributed to the
formation of a stronger O−H bond in the [MnII(OH2)-
(PaPy2N)]1+ product compared to the [MnII(OH2)-
(PaPy2Q)]1+ product. The nitrogen atom in the naphthyridinyl
moiety of [MnII(OH2)(PaPy2N)]1+ stabilizes the Mn(II)-aqua
product through hydrogen bonding, leading to a higher
Mn(II)-(HO-H) BDFE and thus increased reactivity.
In addition to the above protocols, another effective method

to enhance the oxidizing power of Mn(III)-OR complexes is to
use Brønsted acids, which can induce an anodic shift in the
MnIII/MnII redox potential, thereby increasing the reaction
rate. Fukuzumi, Nam, and co-workers found that adding triflic
acid protonates the hydroxo group of the [MnIII(OH)-
(dpaq)]1+ complex, converting it to the Mn(III)-aqua species
[MnIII(OH2)(dpaq)]2+.

39 This Mn(III)-aqua complex exhibits
a significantly higher phenolic O−H bond oxidation rate than
the Mn(III)-hydroxo complex. The increased oxidizing power
of [MnIII(OH2)(dpaq)]2+ is attributed to its substantially
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higher MnIII/MnII redox potential (1.03 V vs SCE) compared
to that of the Mn(III)−OH analog (−0.1 V vs SCE).39

Like the Brønsted acids, redox-inactive Lewis-acid metal ions
can also modulate the oxidizing power of Mn(III)-OR
complexes by interacting with the basic OR site of these
complexes. This approach draws inspiration from the
Mn4CaO5 cluster found in the oxygen-evolving complex
(OEC) of photosystem II.40−42 Although the specific role of
the Ca2+ ion remains unclear, it is believed that Ca2+ functions
as a Lewis acid and influences the redox reactivity of the
manganese oxo cluster to facilitate the catalytic water oxidation
reaction.43,44 Extensive research has been conducted to explore
the impact of Lewis/Brønsted acids on the oxidizing properties
of higher-valent metal-oxo complexes.45−55 However, studies
with midvalent metal(III)-OR complexes have received less
attention. Jackson et al. attempted to evaluate the influence of
Lewis-acid salts Sc(OTf)3 and Al(OTf)3 on the reactivity of
the [MnIII(OH)(dpaq)]1+ (IIIH) complex.56 Their findings,
however, indicated that these Lewis acids primarily enhance
the Brønsted acidity of the solution, resulting in the
protonation of the Mn(III)−OH complex.56

In this paper, we aim to elucidate the influence of
protonation and Lewis acid binding on the reactivity of
M(III)-OR units. To this end, we have synthesized and
thoroughly characterized three mononuclear Mn(III) com-
plexes, [MnIII(L)(MeOH)](ClO4) (1MeOH(ClO4)), Na-
[MnIII(L)(OMe)](ClO4) (Na1OMe(ClO4)), and [MnIII(L)-
(OMe)] (1OMe), supported by a newly designed pentadentate,
dianionic N4O donor ligand, L2− {H2L = 2-((2-((2-
hydroxybenzyl)(methyl)amino)ethyl)(methyl)amino)-N-(qui-
nolin-8-yl)acetamide} (Figure 1). Complexes 1MeOH+ and

Na+1OMe have been structurally characterized by X-ray
diffraction. The molecular structure of Na+1OMe revealed
electrostatic interactions between the Na+ ion and the oxygen
atom of the methoxide group, as well as with the phenolate
oxygen of the ligand. Here, the complex 1MeOH+ represents the
protonated analog of the methoxide complex 1OMe, while
Na+1OMe is the Lewis-acid adduct of 1OMe. We have studied the
HAA reactivity of these three Mn(III) complexes with various
4-R-2,6-di-tert-butylphenols (4-R-2,6-DTBP; R = OMe, Me,
H, Br). All three midvalent Mn(III) complexes effectively
oxidize the phenolic substrates, but their reactivity rates vary in
the following order: 1OMe < Na+1OMe < 1MeOH+. Mechanistic
analyses suggest that O−H bond activation by these complexes
proceeds via an imbalanced CPET mechanism with a
predominant ET character, further supported by asynchro-
nicity factor36 (η) calculations and ground-state free energy57

analyses employing Density Functional Theory (DFT)
methods. Electrostatic potential mapping58−62 revealed that
H+ or Na+ binding generates an internal positive field, which

causes an anodic shift in the MnIII/MnII potential from
complex 1OMe to Na+1OMe to 1MeOH+. This positive field fine-
tunes the oxidative asynchronicity factors, regulating the
reactivity order of the complexes.

■ RESULTS AND DISCUSSION

Syntheses and Characterizations

We synthesized a new pentadentate chelating ligand, H2L,
through a two-step organic synthesis, as depicted in Scheme
S1. The ligand was characterized by 1H and 13C NMR
spectroscopy (Figures S1 and S2, respectively). In the ESI(+)-
MS analysis, a prominent signal was observed at m/z =
379.2328, corresponding to the [H2L + H]+ molecular ion
peak (calculated m/z = 379.2133; Figure S3). The IR spectrum
of the ligand shows the respective N−H and C�O stretching
bands of the amide group37 at 3246 cm−1 and 1672 cm−1

(Figure S4). The phenol C−O stretching vibration appears at
1258 cm−1.63

We prepared three mononuclear Mn(III) complexes:
[MnIII(L)(MeOH)](ClO4) (1MeOH(ClO4)), Na[MnIII(L)-
(OMe)](ClO4) (Na1OMe(ClO4)), and [MnIII(L)(OMe)]
(1OMe), using the ligand H2L. Reacting MnII(ClO4)2 with the
deprotonated ligand (L2−) in methanol under aerobic
conditions produced a green-colored Mn(III) compound,
1MeOH(ClO4), with a terminal methanol coordination. In this
reaction, atmospheric oxygen rapidly oxidizes Mn(II) to
Mn(III) (Figure S5). Treating 1MeOH(ClO4) with one
equivalent of NaOMe yielded a brownish-red sodium adduct
of Mn(III)-methoxide compound, Na1OMe(ClO4). When
Me4NOH was used instead of NaOMe, the Mn(III)-
methoxide compound 1OMe was isolated. The molecular
formulas of the complexes are determined as follows:
1MeOH(ClO4)·MeOH, Na1OMe(ClO4)·2MeOH, and 1OMe·
2MeOH, based on CHN analyses. These formulations are
further supported by thermogravimetric analysis (TGA). The
TG curve of 1MeOH(ClO4)·MeOH (Figure S6a) shows an
initial weight loss of ∼5.5% within the temperature range of
35−80 °C, followed by an additional ∼5.6% weight loss
between 80 and 150 °C. The first weight loss corresponds to
the release of one lattice methanol molecule (calculated as
5.38%), while the second loss is due to the removal of the
coordinated methanol. Further heating leads to a gradual
weight loss of about 26% between 200 and 365 °C, indicating
partial degradation of the ligand framework, which continues at
higher temperatures. The TG curves for Na1OMe(ClO4)·
2MeOH and 1OMe·2MeOH are similar (Figure S6b,c),
showing initial weight loss between 35 and 80 °C, which is
attributed to the release of two lattice methanol molecules. As
the temperature increases, the ligand framework degrades
gradually. Energy-dispersive X-ray (EDX) analysis provides the
elemental information on the complexes (Figures S7−S9),
particularly verifying the presence of sodium in the
Na1OMe(ClO4) complex.
ESI(+) mass-spectrometry of all three compounds in

methanol revealed an intense ion peak at m/z 431.1,
corresponding to the monomeric [Mn(L)]1+ species (Figure
S10).
ATR-FTIR spectra of the solid samples (Figure S11a-c)

show strong bands at 1594 cm−1 for 1MeOH(ClO4)·MeOH,
1592 cm−1 for Na1OMe(ClO4)·2MeOH, and 1582 cm−1 for
1OMe·2MeOH, attributed to the carbonyl stretching vibrations
of the amide group in the ligand.37 These ν(C�O)amide

Figure 1. ChemDraw representation of the Mn(III) complexes
discussed in this work.
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stretching frequencies are 78−90 cm−1 lower than the free H2L
ligand (1672 cm−1). Notably, the ν(C�O)amide band appears
at nearly the same position for 1MeOH+ and Na+1OMe but is
about 10 cm−1 lower for 1OMe than the 1MeOH+ and Na+1OMe

complexes. The phenolate C−O stretching bands for the
Mn(III) complexes are observed between 1270 cm−1 and 1280
cm−1.63 Interestingly, the ν(C−O)phenolate band for
Na1OMe(ClO4)·2MeOH is shifted by 9 cm−1 to a lower
wavenumber (1271 cm−1) relative to that of 1OMe·2MeOH
(1280 cm−1) (Figure S11d). The red shift of the ν(C−
O)phenolate frequency in Na1OMe(ClO4)·2MeOH occurs due to
the binding of the Na+ ion to the phenolate oxygen, which
decreases the double-bond character of the phenolate C−O−

bond induced by resonance. This Na+-phenolate interaction is
also observed in the crystal structure of Na+1OMe described
below. All complexes exhibit broad bands in the 3600−3200
cm−1 range, corresponding to methanol’s ν(O−H) vibration.64

Complexes 1MeOH(ClO4)·MeOH and Na1OMe(ClO4)·2MeOH
show additional IR bands at ∼1100 cm−1 and ∼620 cm−1 for
ν(ClO4) vibrations.37

Additionally, we recorded ATR-IR spectra of the Mn(III)
complexes in methanol (Figure S12a−c). Interestingly, in the
solution phase, the ν(C�O)amide vibrations of the Mn(III)
complexes appear at higher wavenumbers (1627 cm−1 for
1MeOH(ClO4), 1615 cm−1 for Na1OMe(ClO4), and 1605 cm−1

for 1OMe) than their solid-state counterparts. This shift of band
positions to higher wavenumbers indicates an increase in the
carbonyl bond strength in the amide group, likely due to a
lower degree of C�O bond polarization in solution. Like the
solid-state spectra, in solution the ν(C−O)phenolate band for
Na1OMe(ClO4) appears at a lower wavenumber (1271 cm−1)
than that of 1OMe (1278 cm−1, Figure S12d), indicating that
the Na+···−O(phenolate) interaction persists in solution.
The electronic spectrum of 1MeOH+ in methanol displays a

well-resolved band at λmax = 575 nm (ε = 515 M−1 cm−1) and a
poorly resolved, low-intensity band near 900 nm (ε = 100 M−1

cm−1) (Figure S13). We tentatively assign this low-intensity
900 nm band to the d-d transition, which is expected for high-
spin d4 octahedral Mn(III) complexes (vide inf ra).65,66

Complexes Na+1OMe and 1OMe exhibit similar absorption
spectral features (Figure S14). Each of these complexes shows
a broad shoulder near 515 nm (ε ∼ 440 M−1 cm−1).
Interestingly, Na+ binding induces a red shift of the d-d band in
Na+1OMe (∼870 nm) relative to 1OMe (∼850 nm) (Figure
S15). All three complexes display broad shoulders in the 300−
400 nm range with high absorption coefficients (ε ∼ 4000 M−1

cm−1). Additionally, the spectra of all complexes show an
intraligand electronic transition at 253 nm (ε > 20,000 M−1

cm−1).
Further, we calculated the electronic spectra of 1MeOH+,

Na+1OMe, and 1OMe complexes using the time-dependent
density functional theory (TD-DFT) method (Figures S16−
S18). Here, for the optimized structure of Na+1OMe, we
modeled the Na+ ion as binding to the methoxide and
phenoxide oxygen atoms of the ligand, with four additional
solvent methanol molecules coordinating to Na+ to complete a
six-coordinate geometry (vide inf ra). The TD-DFT-predicted
spectra of these three Mn(III) complexes feature a prominent
band in the ∼400−600 nm region, arising from quinoline-
amide and phenolate to Mn(III) charge-transfer transitions,
along with a weaker band in the visible to near-IR region
(∼750−1100 nm) due to d-d transitions. These calculated
spectral features match well with the experimental spectra, with

some deviations that fall within the expected error of DFT
calculations. Notably, the calculated spectrum of Na+1OMe also
exhibits a red shift of the d-d band position relative to 1OMe,
consistent with the experimental observation.
We measured the magnetic susceptibilities of the three

Mn(III) compounds at room temperature (300 K) in both
solid and solution phases. In the solid state, the effective
magnetic moment (μeff) was found to be 4.85 μB for
1MeOH(ClO4)·MeOH, 4.86 μB for Na1OMe(ClO4)·2MeOH,
and 4.89 μB for 1OMe·2MeOH. These μeff values agree with the
expected values for high-spin (S = 2) d4 systems. The solution
magnetic moments, measured in CD3OD using the Evans
method (Figure S19), also align with those of high-spin d4
systems, with all three complexes exhibiting values of ∼4.8 μB.
These solution data suggest that the Mn(III) complexes
maintain a monomeric structure in methanol solvent rather
than forming antiferromagnetically coupled dimeric “MnIII−
O−MnIII” species, as observed with Jackson’s [MnIII(OH)-
(dpaq5R)]1+ complexes in dry CH3CN solvent.24,25

Furthermore, we conducted magnetic susceptibility meas-
urements on powder samples of the three Mn(III) complexes
over a temperature range from 300 to 10 K. Figure S20
displays the χMT vs T plots for these compounds. We observed
a gradual decrease in χMT values for the compounds
1MeOH(ClO4)·MeOH and Na1OMe(ClO4)·2MeOH as the
temperature decreased from 300 to 10 K, which likely
indicates a thermally induced spin transition process.67,68

Notably, complex Na1OMe(ClO4)·2MeOH fully transforms
from a high-spin (S = 2) to a low-spin (S = 1) state upon
cooling to 10 K. In contrast, complex 1OMe·2MeOH remains in
the high-spin state across the 300−50 K temperature range.
The slight decrease in the χMT values below 50 K may be due
to the zero-field splitting effects of the high-spin Mn(III) ion.67

We recorded 1H NMR data for 1MeOH+, Na+1OMe, and 1OMe

complexes at room temperature in CD3OD. The spectrum of
each Mn(III) complex exhibits weak and broad signals
between +160 and −60 ppm (Figure S21). The observed
large chemical shifts and broadening of many signals are
consistent with the spectral features reported previously for
high-spin paramagnetic mononuclear Mn(III) com-
plexes.24,25,69

Structural Characterizations

(a) [MnIII(L)(MeOH)](CF3SO3) (1MeOH(CF3SO3)). We de-
termined the structure of [MnIII(L)(MeOH)](CF3SO3) using
X-ray diffraction (XRD) at 300 K. Figure 2 presents the

Figure 2. ORTEP diagram (30% thermal ellipsoids) of the complex
cation in the crystal structure of [MnIII(L)(MeOH)](CF3SO3)
(CCDC 2393293). The diagram does not show the noncoordinating
triflate counteranion.
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ORTEP diagram of the complex cation, and Table 1 lists the
important bond lengths and angles. The structure features a

six-coordinate Mn(III) center with a distorted octahedral
geometry. The ligand L2− provides five donor sites: one
quinoline nitrogen (N1), one amide nitrogen (N2), two
tertiary amines (N3 and N4), and one phenolate oxygen (O1).
The phenolate oxygen (O1) and amide nitrogen (N2) are
arranged trans to each other, as are the quinoline nitrogen
(N1) and the tertiary amine (N3). A methanol ligand occupies
the sixth coordination site, trans to the N4 tertiary amine
donor group. The angles between the cis-positioned ligands
around the Mn(III) center range from ∼80° to ∼104°, and
those between trans-positioned ligands span ∼160° to ∼174°,
indicating a significant distortion from the ideal octahedral
geometry. The O3−Mn−N4 axis, which includes the methanol
group and tertiary amine, is elongated [Mn−O3 = 2.232(4) Å,
Mn−N4 = 2.288(4) Å]. This elongation results from the
Jahn−Teller distortion, a characteristic of high-spin d4 systems.
Among the other two axes, the O1−Mn−N2 axis [Mn−O1 =

1.842(3) Å, Mn−N2 = 1.941(3) Å] is somewhat more
compressed than the N1−Mn−N3 axis [Mn−N1 = 2.054(3)
Å, Mn−N3 = 2.147(3) Å].
(b) Na[MnIII(L)(OMe)](ClO4) (Na1OMe(ClO4)). The XRD

structure of the compound reveals that the asymmetric unit
contains one [MnIII(L)(OMe)] molecule, one Na+ ion, and
one perchlorate anion. The Mn(III) center exhibits a distorted
octahedral geometry with a methoxide ligand coordinated with
it. Structural analysis shows that a Na+ ion interacts
electrostatically with the O3 atom of the methoxide group
and the phenolate oxygen (O1) of the L2− ligand in the
crystalline phase. A perspective view of the {Na[MnIII(L)-
(OMe)]}1+ unit is shown in Figure 3a. Relevant bond lengths
and angles are presented in Table 1. The molecular structure
further reveals that the Na+ ion interacts with the amide
oxygen of a second {Na[MnIII(L)(OMe)]}1+ unit, forming a
one-dimensional (1D) polymeric chain. Examination of the
crystal packing diagram shows that two 1D chains are
interconnected via interactions between the perchlorate anions
and Na+, forming a two-dimensional (2D) network (Figure
3b).
The metric parameters (Table 1) for the {Na[MnIII(L)-

(OMe)]}1+ unit are consistent with a high-spin Mn(III) center.
The L2− ligand binds in the same manner as observed in the
[MnIII(L)(MeOH)]1+ complex cation, with differences in bond
distances and angles. Notably, the Mn(III)-OMe bond (Mn−
O3 = 1.858(2) Å) is shorter than the five other Mn(III)-L
bonds in the {Na[MnIII(L)(OMe)]}1+ unit (Table 1). This
short Mn(III)-OMe bond length of 1.858(2) Å is comparable
to other documented Mn(III)-OMe distances in the
literature.20,22,70 Comparing bond lengths between the
[MnIII(L)(MeOH)]1+ and {Na[MnIII(L)(OMe)]}1+ com-
plexes shows that the Mn(III)-O bonds for methanol and
methoxide differ by the largest amount, 0.374 Å (Table 1).
This significant shortening of the Mn(III)-OMe bond is
attributed to the greater donor ability of the negatively charged
methoxide ligand compared to methanol. As a result, the O3−
Mn−N4 axis is compressed in {Na[MnIII(L)(OMe)]}1+, and
the Jahn−Teller elongation is observed along the N1−Mn−N3
axis, which includes the quinoline nitrogen (N1) and the
tertiary amine (N3).
23Na NMR Studies

We recorded the 23Na NMR spectrum of compound
Na[MnIII(L)(OMe)](ClO4) (Na1OMe(ClO4)) in CD3OD
and compared it with the spectrum of NaClO4. This study
aimed to verify whether the sodium-adduct structure remains
intact in the methanol solution. Figure 4a−c depict the 23Na
NMR spectra of NaCl as a reference, NaClO4 salt, and the
compound Na1OMe(ClO4) in CD3OD. Compound

Table 1. Selected Bond Lengths (Å) and Angles (°) for the
Complex Cations 1MeOH+ and Na+1OMea

1MeOH+ Na+1OMe |Δd|
Mn−O1 1.842(3) 1.916(2) 0.074
Mn−N2 1.941(3) 2.021(2) 0.080
Mn−N1 2.054(3) 2.231(2) 0.177
Mn−N3 2.147(3) 2.270(2) 0.123
Mn−O3 2.232(4) 1.858(2) 0.374
Mn−N4 2.288(4) 2.179(2) 0.109
Na−O1 2.471(2)
Na−O3 2.318(2)
O1−Mn−N1 95.37(14) 101.60(7)
N2−Mn−N1 81.15(14) 76.90(7)
O1−Mn−N3 103.86(14) 102.92(7)
N2−Mn−N3 80.12(15) 78.48(7)
O1−Mn−O3 85.77(13) 85.33(6)
N2−Mn−O3 89.02(14) 95.37(7)
N1−Mn−O3 94.71(14) 94.94(8)
N3−Mn−O3 91.09(15) 95.27(8)
O1−Mn−N4 88.95(12) 88.43(6)
N2−Mn−N4 96.86(13) 91.01(7)
N1−Mn−N4 95.71(12) 91.94(8)
N3−Mn−N4 80.49(14) 80.51(8)
O1−Mn−N2 173.48(13) 178.38(6)
N1−Mn−N3 160.28(14) 154.09(6)
O3−Mn−N4 168.71(13) 171.51(6)

a|Δd| values are the absolute differences in the lengths (Å) of the
respective bonds between 1MeOH+ and Na+1OMe.

Figure 3. (a) ORTEP diagram showing the molecular structure of a single {Na[MnIII(L)(OMe)]}1+ unit; (b) view of the formation of the 2D
network structure in the crystal structure of Na[MnIII(L)(OMe)](ClO4) (CCDC 2393295). The ellipsoids are drawn at a 30% probability level.
Color code: Mn (magenta), Na (orange), Cl (green), O (red), N (blue), C (gray), and H (white).
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Na1OMe(ClO4) shows a signal at 1.85 ppm in 23Na NMR,
while the signal for NaClO4 appears at −0.35 ppm. Notably,
the 23Na NMR signal of Na1OMe(ClO4) is broader (FWHM,
Δν1/2 = 53.2 Hz) than that of NaClO4 (Δν1/2 = 29.8 Hz). We
observed a downfield shift of the 23Na NMR signal for
Na1OMe(ClO4) relative to NaClO4, indicating a distinct
chemical environment for the sodium ion in the compound.
However, this broadening and shift of the 23Na signal in

Na1OMe(ClO4) compound may also result from the para-
magnetic influence of the Mn(III) complex. To investigate this
possibility, we recorded the 23Na NMR spectrum of a 1:1
mixture of NaClO4 and 1MeOH(ClO4) (Figure 4d) to see if the
paramagnetic [MnIII(L)(MeOH)]1+ species influences the
chemical shift and line width of the 23Na signal in the
spectrum. Remarkably, the Na+ ion in this mixture resonates at
nearly the same position (−0.34 ppm) and with almost the
same line width (Δν1/2 = 29.9 Hz) as that observed for
NaClO4 alone (−0.35 ppm, Δν1/2 = 29.8 Hz). These findings
suggest that the Na+ ion in the 1:1 mixture retains nearly the
same chemical environment as in the pure NaClO4 sample and
does not interact with the [MnIII(L)(MeOH)]1+ complex.
Furthermore, the paramagnetism of [MnIII(L)(MeOH)]1+
does not cause any significant shift or broadening of the
sodium signal in the 23Na NMR spectrum of the mixture. This
control experiment thus indicates that the downfield shift and
line-broadening observed for the 23Na signal in Na[MnIII(L)-
(OMe)](ClO4) do not arise from the paramagnetic influence
of the Mn(III) species in solution.
To further strengthen the above interpretation, we measured

the 23Na NMR spectrum of an analogous diamagnetic
Na[CoIII(L)(OMe)](ClO4) (Na2OMe(ClO4)) complex in
CD3OD (Figure 4e). The X-ray crystallographic structure of
this cobalt complex (CCDC 2478105) is shown in Figure S22.
Na2OMe(ClO4) exhibits sharp 1H NMR signals in the 0 to 10
ppm range, confirming its diamagnetic nature (Figure S23). In
the 23Na NMR, this cobalt complex displays a signal at 2.20
ppm, shifted further downfield relative to the sodium peak in
Na1OMe(ClO4). The greater downfield shift observed for the
sodium signal in the Co(III) compound, compared to that in
the Mn(III) analog, is attributed to the higher Lewis acidity of

the Co(III) than the Mn(III) ion. Interestingly, the line
broadening of the 23Na signal in Na2OMe(ClO4) (Δν1/2 = 53.5
Hz) is similar to that in Na1OMe(ClO4) (Δν1/2 = 53.2 Hz),
indicating that the paramagnetism of Mn(III) does not
account for the observed line broadening in Na[MnIII(L)-
(OMe)](ClO4). We attributed this line-broadening of the 23Na
signal in Na[MnIII(L)(OMe)](ClO4) to restricted motion of
the Na+ ion, likely due to ion-pair formation in solution. The
larger size of such an ion-pair can limit molecular motion,
leading to faster transverse relaxation and, consequently, signal
broadening.
Taken together, these results led us to conclude that the

sodium ion indeed exists in an ion-paired form within the
Na[MnIII(L)(OMe)](ClO4) complex in solution. We propose
that Na+ preferentially interacts with the coordinated
methoxide and phenoxide rather than the amide O atom,
due to the higher basicity of methoxide than the amide O
atom. To support this proposition, we performed DFT
calculations to compare the relative stabilities of the two
discrete Na+-bound species: one in which Na+ interacts with
methoxide and phenoxide, and another in which it interacts
with the amide O atom (Figure S24). The results show that
the former species is 10.7 kcal/mol more stable than the latter,
indicating a thermodynamic preference for Na+ interaction
with methoxide and phenoxide. The IR spectroscopic data for
complexes 1OMe and Na+1OMe in methanol solution further
support the computational results, which showed a 7 cm−1 red
shift in the phenolate C−O stretching band in the presence of
Na+ (Figure S12d). This red shift confirms the interaction
between Na+ and phenolate-O in Na+1OMe in solution, as
discussed above, and suggests that the Na+ ion resides within
the methoxide-phenoxide pocket, as observed in the solid-state
structure.
Electrochemistry and pKa Determination

We investigated the redox properties of complexes 1OMe,
Na+1OMe, and 1MeOH+ by measuring their cyclic voltammo-
grams in methanol at 30 °C. The CV diagrams (Figure 5) of
these complexes show a quasi-reversible cathodic process with
E1/2 values of −0.454 V (ΔE ∼ 185 mV) for 1OMe, −0.396 V
(ΔE ∼ 186 mV) for Na+1OMe, and −0.349 V (ΔE ∼ 120 mV)
for 1MeOH+, referenced to Fc+/Fc. These redox events are
attributed to the reduction of Mn(III) to Mn(II). The MnIII/
MnII reduction potential of the 1OMe complex is higher than

Figure 4. 23Na NMR spectra of (a) NaCl, (b) NaClO4, (c)
Na[MnIII(L)(OMe)](ClO4) (Na1OMe(ClO4)), (d) 1:1 mixture of
[MnIII(L)(MeOH)](ClO4) (1MeOH(ClO4)) and NaClO4, and (e)
Na[CoIII(L)(OMe)](ClO4) (Na2OMe(ClO4)) recorded in CD3OD at
300 K.

Figure 5. Cyclic voltammograms of the complexes 1OMe (blue),
Na+1OMe (red), and 1MeOH+ (black) in methanol (scan rate: 100 mV/
s).
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that of the analogous [MnIII(OMe)(dpaq)]1+ (VIII, Chart 1)
complex (Epc = −0.88 V vs Fc+/Fc in MeCN) reported in the
literature.22 Here, we observed an anodic shift in the MnIII/
MnII reduction potential values for 1MeOH+ and Na+1OMe

relative to 1OMe, which is expected due to the positive charge
that develops when the methoxide ligand in 1OMe undergoes
protonation or binds with a Na+ ion. Therefore, the observed
anodic shift of the MnIII/MnII couple for complexes 1MeOH+

and Na+1OMe indicates that these complexes maintain the
apparent solid-state structural integrity in methanol solution
(vide supra). During the anodic scan, each complex exhibits an
oxidative redox response with E1/2 values of 0.109 V (ΔE ∼ 88
mV) for 1OMe, 0.107 V (ΔE ∼ 80 mV) for Na+1OMe, and 0.173
V (ΔE ∼ 75 mV) for 1MeOH+ vs Fc+/Fc. We assign these redox
processes to the formal MnIV/MnIII couple.
We determined the pKa of [MnIII(L)(MeOH)]1+ by

performing a spectrophotometric titration of [MnIII(L)-
(OMe)] (1OMe) with an organic acid in methanol at 30 °C.
Adding pyridinium perchlorate (pKa = 5.44 in methanol)71 to
a methanol solution of 1OMe produced the protonated analog
[MnIII(L)(MeOH)]1+ (1MeOH+). We monitored the formation
of this protonated species by tracking the gradual increase in
absorbance at λmax = 575 nm. Figure S25 illustrates the spectral
changes for conversion from 1OMe to 1MeOH+, showing
isosbestic points at 455 and 515 nm. These isosbestic points
indicate a clean conversion from 1OMe to 1MeOH+. We
calculated the pKa of [MnIII(L)(MeOH)]1+ to be 6.67, using
the procedure described in the Supporting Information and the
plot in Figure S26. Using the redox potential of the
[MnIII(L)(MeOH)]1+/[MnII(L)(MeOH)] couple and the
pKa of [MnIII(L)(MeOH)]1+, we estimated the BDFE of
[MnII(L)(MeO−H)] in a methanol solvent to be about 64.5
kcal/mol, according to the Bordwell eq (Scheme 2).30,31

Oxidation of Phenols
To probe the HAA reactivity of complexes 1OMe, Na+1OMe, and
1MeOH+, we conducted reactions with 2,4,6-tri-tert-butylphenol
(TTBP), a prevalent substrate for studying PCET reactions.
After the reactions of these complexes with TTBP in methanol
at 30 °C, TTBP was oxidized to 2,4,6-tri-tert-butylphenoxyl
radical (TTBP•), and Mn(III) complexes were reduced to
Mn(II). The products were analyzed using perpendicular-
mode X-band EPR spectroscopy. Figure S27 shows a
representative EPR spectrum of the product solution from
the reaction between Na+1OMe and TTBP at a 1:1 molar ratio.
The spectrum features a sharp signal at g ∼ 2.0034, indicative
of the phenoxyl radical species,21 and a six-line signal
characteristic of Mn(II) ions.72 The spin quantification of

the MnII and phenoxyl radical signals, using Mn(ClO4)2 and
TEMPO• as standards, respectively, revealed that the MnII
species and TTBP• were formed in ∼80% yield (Figure S28).
Furthermore, when 2,6-di-tert-butylphenol was used as a
substrate in equal molar ratio with the Mn(III) complexes, a
radical coupling product, 3,3′,5,5′-tetra-tert-butyl-[1,1′-bi-
(cyclohexylidene)]-2,2′,5,5′-tetraene-4,4′-dione, was formed
as the major product with 65−80% yield (Figures S29−S31).
These findings confirm that all three complexes effectively
mediate the PCET process.
In the reactions of the complexes 1OMe and Na+1OMe with

phenols, the methoxide-O preferentially accepts the proton. As
revealed by DFT calculations, the protonation at the
methoxide site leads to the formation of the most stable
reduced MnII products (Figures S32−S33). However, in the
case of the 1MeOH+ complex reacting with phenols, proton
transfer is unlikely to occur at the bound methanol. Instead,
the phenolate-O or the amidate-N/O within the supporting
ligand may serve as the proton acceptor. DFT optimization of
the 1e−/1H+ reduced form of the 1MeOH+ complex, with a
proton attached to either phenolate-O or amidate-N/O,
revealed that the protonation at the phenolate-O produced
the most stable MnII product, suggesting that the phenolate-O
is the most probable site for protonation in HAA reactions
mediated by complex 1MeOH+ (Figure S34).
To elucidate the proton−electron transfer mechanism (ET-

PT, PT-ET, or CPET), we conducted kinetic studies on the
reactions of the complexes 1OMe, Na+1OMe, and 1MeOH+ with a
series of para-substituted 2,6-di-tert-butylphenols (4-R-2,6-
DTBP), where R varies from electron-donating to electron-
withdrawing groups (R = OMe, Me, H, Br). All kinetic
experiments were performed under excess-substrate condi-
tions. We monitored the progress of the reactions using UV−
vis spectroscopy, tracking the disappearance of the Mn(III)
complex bands in the 500−600 nm range over time. Figure 6

illustrates representative UV−vis spectral changes during the
Mn(III) to Mn(II) conversion for the reaction between
Na+1OMe and 4-H-2,6-DTBP. The inset in Figure 6 shows the
corresponding kinetic time trace, which exhibits nearly first-
order exponential decay. We determined the pseudo-first-order
rate constants (kobs) from the linear fits of the graphs presented
in Figures S35−S37. Plots of kobs vs [4-R-2,6-DTBP]0 display
straight lines passing through the origin (Figure S38), and the
slope of these lines provides the second-order rate constants

Scheme 2. Thermodynamic Square Scheme for Calculating
the BDFE of the O−H Bond in the Coordinated Methanol
of [MnII(L)(MeO−H)]

Figure 6. Representative UV−vis spectral changes and kinetic time
trace (inset) for the reaction of Na+1OMe (1 mM) with 2,6-DTBP (40
mM) at 30 °C in methanol.
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(k2) listed in Table 2. In this series of Mn(III) complexes, the
reactivity trend with each phenol substrate follows the order:

1MeOH+ > Na+1OMe > 1OMe (Table 2, and Figures 7a, S39). We
observed a roughly 2- to 4-fold variation in reaction rates
between the highest-performing complex, 1MeOH+, and the
lowest-performing complex, 1OMe.
It was found that the para-substituents of 2,6-DTBP (R =

OMe, Me, H, Br) significantly influence the reaction rates. We
observed negative Hammett correlations (log(k2R/k2H) vs σp

+)
for the reaction of 4-R-2,6-DTBP substrates with Mn(III)
complexes, with ρ values of −2.07 for 1OMe, −2.23 for
Na+1OMe, and −2.27 for 1MeOH+. The Hammett plot for the
reaction of 1MeOH+ with 4-R-2,6-DTBP is shown in Figure 7b.
The remaining plots are shown in Figure S40. The negative
Hammett correlations indicate that reactions of 4-R-2,6-DTBP
substrates with Mn(III) complexes are not proton-con-
trolled.73,74 Therefore, mechanisms such as stepwise PT-ET
or basic asynchronous CPET are unlikely, for which a positive
Hammett correlation would be expected, as demonstrated
previously in the literature.73,74 The negative ρ value suggests
the emergence of a positive charge on the phenolic O−H bond
in the transition state,75 which is consistent with either a
stepwise ET-PT or (oxidative asynchronous) CPET mecha-
nism. We measured the E1/2 values of the 4-R-2,6-DTBP
substrates in methanol using differential pulse voltammetry,
obtaining values of 0.309 V (OMe), 0.548 V (Me), 0.696 V
(H), and 0.740 V (Br) vs Fc+/Fc (Figure S41). These redox
responses are tentatively assigned to (PhOH)•+/(PhOH)
couples. Notably, the E1/2 values of phenols are significantly
higher than the complexes’ MnIII/MnII redox potentials.

Consequently, the outer-sphere electron transfer from the
phenolic O−H bond to the Mn(III) center is thermodynami-
cally nonspontaneous. So, we discard the stepwise ET-PT
pathway because the initial ET step is endergonic, thereby
suggesting that either a synchronous CPET or an oxidative-
asynchronous CPET mechanism is more likely.
We constructed Bell−Evans−Polanyi (BEP) plots to

evaluate the reaction pathway by plotting the ln(k2) values
against the BDE(O−H) of different 4-R-2,6-di-tert-butylphe-
nols (BDE = bond dissociation enthalpy).76 It has previously
been demonstrated that the BDEs and BDFEs follow a general
linear trend regardless of solvent.74 Here, we used the BDE
values of phenols in our analysis, measured in dimethylsulf-
oxide (DMSO).74 Using Ingold’s kinetic solvent effect
relationship, we calculated the expected rate constants in
DMSO from methanol values,77 as detailed in the Supporting
Information. The plot of ln(k2)DMSO for phenol oxidation by
each Mn(III) complex shows a good linear correlation with the
phenol BDE(O−H)DMSO (Figure S42), supporting a common
reaction path for all phenols. We converted the slope obtained
from the ln(k2) vs BDE plot, originally in units of (kcal/
mol)−1, to a dimensionless parameter, α, by multiplying the
slope by the thermal energy in kcal/mol (α = slope·RT).78
This unit less α parameter correlates better with the Gibbs free
energy of activation. For the reactions studied, α values are
derived as −0.58 for 1OMe, −0.62 for Na+1OMe, and −0.64 for
1MeOH+ (Figure S42). These results indicate that the reactions
between Mn(III) complexes and phenol substrates proceed via
a rate-determining CPET step; however, the slopes deviate
slightly from the ideal synchronous CPET slope of −0.5.79−81

Although the BEP correlations are linear and do not indicate a
failure of the conventional rate-driving force relationship, the
observed deviations in slope suggest possible asynchronicity.
This conclusion, however, is not definitive, given the narrow
range of driving forces sampled by the phenol derivatives (∼5
kcal/mol), and thus warrants further analysis using alternative
approaches (vide inf ra).
The activation parameters for the hydrogen atom transfer

reaction from 4-H-2,6-DTBP to Mn(III) complexes were
determined using Eyring plots (Figure S43). The ΔH⧧ and
ΔS⧧ values are almost consistent for all three Mn(III)
complexes (Table S1), suggesting that they all follow a similar
reaction pathway. The large negative ΔS⧧ values indicate a
well-ordered transition state, which aligns with the CPET
mechanism reported in the literature.21,27,37,82

We investigated the reactions of 1OMe, Na+1OMe, and 1MeOH+

with deuterated 4-H-2,6-DTBP-d, revealing kinetic isotope

Table 2. Observed k2 Values for the Reaction of 1OMe,
Na+1OMe, and 1MeOH+ with Different 4-R-2,6-DTBP
Substrates at 30 °C in Methanol

k2 (M−1 s−1)

Substrate

BDE(phenol O−H)
(kcal/mol in
DMSO)74 1OMe Na+1OMe 1MeOH+

4-OMe-2,
6-DTBP

78.3 1.91(3) 5.80(8) 7.20(14)

4-Me-2,
6-DTBP

81 0.098(2) 0.27(2) 0.35(1)

4-H-2,
6-DTBP

82 0.071(2) 0.18(1) 0.22(1)

4-Br-2,
6-DTBP

83.2 0.015(1) 0.031(1) 0.035(1)

Figure 7. (a) A comparative plot of pseudo-first-order rate constants (kobs, s−1) vs 4-OMe-2,6-DTBP concentrations for HAA reactivity with
complexes 1OMe (black), Na+1OMe (red), and 1MeOH+ (blue); (b) Hammett plot for the reaction of 1MeOH+ with 4-R-2,6-DTBP substrates (R =
OMe, Me, H, Br).
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effect (KIE) values of 1.7, 1.5, and 1.2, respectively. Although
these KIE values are small, they suggest that O−H/O−D bond
breaking likely occurs in the rate-determining step with a lower
tunneling probability. Similar small KIE values (<2) have been
observed for O−H bond oxidation mediated by other metal
complexes, where O−H/O−D bond cleavage is also
considered the rate-limiting step.21,83 While the hydrogen
atom transfer from the phenolic substrates to the Mn(III)
complexes appears to be an endergonic process based on bond
dissociation energy considerations, the occurrence of the
reactions suggests that there may be a fast and thermodynami-
cally favorable follow-up process that drives the phenol
oxidation. Product analysis of the reaction between 1MeOH+

and 4-H-2,6-DTBP by 1H NMR revealed signals correspond-
ing to the protonated free H2L ligand (Figure S31). In
addition, ESI(+)-MS showed an intense signal consistent with
the formation of the protonated H2L ligand for reactions
between each Mn(III) complex and 4-H-2,6-DTBP (Figures
S44−S46). These results suggest that the proton produced
from phenols during hydrogen-atom transfer protonates the
resulting Mn(II) species, leading to demetalation and
ultimately yielding the protonated ligand and Mn(II) salts.
These decomposed products are expected to be more stable, so
their formation may provide the thermodynamic driving force
for phenol oxidation by the Mn(III) complexes. Notably,
Stack’s [MnIII(OH)(PY5)]2+ complex has also been reported
to abstract a hydrogen atom from robust toluene, despite the
reaction being thermodynamically uphill.19

Marcus-Type Analysis
We performed Marcus-type analysis for the reactions of
complexes 1OMe, Na+1OMe, and 1MeOH+ with 4-substituted 2,6-
di-tert-butylphenols to gain a deeper understanding of the
mechanism. The plot of (RT/F) ln k2 against E1/2 of 4-R-2,6-
DTBP shows a good linear correlation (R2 ∼ 0.93) for each
Mn(III) complex (Figure 8). This linear free-energy relation-

ship between (RT/F) ln k2 and E1/2 is commonly used to
analyze the proton−electron transfer mechanisms involved in
the oxidation of phenols.81−86 According to the Marcus
model,87 a slope value of −0.5 is expected for a pure rate-
determining ET process.81−87 On the other hand, a slope close
to 0.0 suggests a balanced CPET mechanism,81−83 as observed
in the oxidation of phenols by cumylperoxyl radical (slope =
−0.05).82,88 For the present complexes, the observed slope
values are −0.262 ± 0.052 for 1OMe, −0.282 ± 0.055 for

Na+1OMe, and −0.286 ± 0.055 for 1MeOH+. These values are
less negative than −0.5, indicating that hydrogen-atom transfer
from 4-substituted 2,6-DTBP likely occurs via partial charge
transfer rather than an ET-PT pathway that involves a
complete charge transfer. Moreover, the slopes are not close
to 0.0, suggesting that a perfectly balanced CPET mechanism
is not fully realized. The deviations from an ideal zero-slope
might indicate an imbalanced CPET transition state, in which
the ET character dominates the PT, favoring an oxidative
asynchronous CPET mechanism.
Electrostatic Potential Mapping

The binding of a proton or Lewis acid primarily generates an
internal positive charge,58−62 which can modulate the reactivity
of Mn(III)-complexes by fine-tuning the redox potential and
electronic structure of the redox-active Mn(III) center. To
illustrate this effect, we performed DFT studies to map the
molecular electrostatic potential (ESP) of compounds 1OMe,
Na+1OMe, and 1MeOH+, as shown in Figure 9. The analysis of
these ESP maps reveals that complexes 1MeOH+ and Na+1OMe

are significantly more electron-deficient than 1OMe, as indicated
by the more positive potential surfaces, shown in red in Figure
9. Among these complexes, 1MeOH+ has the most positive
electric field potential. This positive field influences the lowest
unoccupied molecular orbital (LUMO) energy of the
complexes (Figure S47), decreasing from 1OMe (−0.63 eV)
to Na+1OMe (−0.95 eV) to 1MeOH+ (−1.41 eV) and leading to
an anodic shift in the MnIII/MnII redox potential along this
series. Interestingly, the observed reactivity trend of these
complexes in phenol oxidations (1MeOH+ > Na+1OMe > 1OMe)
aligns with the order of LUMO stability, suggesting that a
more stabilized LUMO facilitates electron transfer from the
phenol substrate to the redox-active Mn(III) center. However,
while this general trend indicates a relationship between
LUMO stability and reactivity, the correlation is much weaker
than expected for a pure ET process. Figure S48 displays plots
of log(k2) vs LUMO energy for the Mn(III) complexes in
reactions with 4-R-2,6-DTBP, showing poor linear correlations
with R2 ranging from 0.78 to 0.82. This poor correlation
implies that a pure ET process is not the rate-determining step,
suggesting a CPET process. However, the faster reaction rates
observed with more electron-deficient complexes point to an
asynchronous mechanism with a dominant ET character in the
transition state, indicating an oxidative asynchronous CPET
process.
Asynchronicity Factor (η) Calculations
To further probe the asynchronous CPET mechanism, we
analyzed the asynchronicity factor (η) for the reactions of
Mn(III) complexes with 4-R-2,6-DTBP substrates (R = OMe,
Me, H, Br), following the procedure developed by Srnec and
co-workers.36 In this method, an η value close to zero indicates
a balanced CPET reaction. In contrast, a nonzero η suggests an
imbalance in the contributions of E1/2 and pKa, leading to
asynchrony in the electron−proton transfer processes. A
positive η value indicates that the redox potential is the
dominant driving force, pointing to oxidative asynchronous
CPET.36,37 On the other hand, a negative η suggests that pKa is
the dominant factor, indicating basic asynchronous
CPET.36,57,73

In our analysis, we first calculated the driving forces for
initial proton transfer (ΔGPT1) and initial electron transfer
(ΔGET1) using DFT methods (see computational details in the
Supporting Information, Figures S49−S51). Then, from these

Figure 8. Plots of (RT/F) ln k2 vs substrate (4-R-2,6-DTBP, R =
OMe, Me, H, Br) redox potentials (R2 ∼ 0.93).
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thermodynamic parameters, η values for the HAA reactions of
1OMe, Na+1OMe, and 1MeOH+ with various phenol substrates
were calculated (Table 3). To test the reliability of the
computational results, we correlated the calculated ΔGET1
values with the experimentally determined values. These
experimental ΔGET1 values were derived from the measured
redox potentials (E1/2) of the corresponding Mn(III)
complexes and phenol substrates (Table S2). As shown in
Figure S52, the calculated ΔGET1 values show good linear
correlations with the experimental values (R2 ∼ 0.98) for all
complexes, differing only in absolute magnitude. These
correlations demonstrate that, for each Mn(III) complex, the
DFT calculations accurately reproduce the experimentally
observed trends for this set of phenols. Since pKas for all
complexes and phenol substrates in methanol are not available,
experimental ΔGPT1 values could not be determined, and
therefore, no correlation with the calculated values was
possible.
For 1MeOH+, all η values are found to be positive, indicating

that HAA reactions proceed via an oxidative asynchronous
CPET mechanism. Interestingly, the plot of (RT) ln k2 vs η
displays a good linear correlation (R2 = 0.94), with higher
asynchronicity corresponding to faster reaction rates (Figure
S53). This observation is consistent with Srnec’s proposition
that greater asynchronicity lowers activation barriers and
thereby accelerates reaction rates.36

In contrast, for the Na+1OMe complex, slightly negative η
values are obtained with two phenol substrates, while for the
1OMe complex, negative η values are determined for all phenol
substrates (Table 3). These negative η values may suggest
basic asynchronous CPET processes. However, the negative
Hammett slopes obtained for both Na+1OMe and 1OMe

complexes for reactions with 4-R-2,6-DTBP substrates (Figure
S40) rule out the proton-favored asynchronous CPET
process.57,73,74 Moreover, for basic asynchronous mechanisms,
reactivity rates are expected to increase with more negative η
values, according to Srnec’s proposition.36 On the contrary, in
our case, the reactivity rates increase with less negative η

values, showing good linear correlations in the (RT) ln(k2) vs η
plots, with R2 ∼ 0.92 for both Na+1OMe and 1OMe (Figures S54
and S55). These findings endorse the oxidative asynchronous
CPET mechanisms for both complexes. In addition, the
experimental reaction rates show better linear correlations with
ΔGET1 (R2 = 0.89−0.93) than with ΔGPT1 (R2 = 0.70−0.82)
for each complex, indicating that the CPET pathways are
predominantly ET-controlled in all cases. (Figures S56−S58).
It is worth noting that the asynchronicity factors shift

significantly in the positive direction from 1OMe to Na+1OMe to
1MeOH+. The introduction of a positive charge via cation
binding makes the initial proton transfer increasingly
unfavorable (i.e., ΔGPT1 becomes larger and more positive),
leading to a pronounced positive shift in η values that drives
the reaction toward an oxidatively asynchronous pathway. In
our system, protonation induces a more substantial positive
shift in asynchronicity than Na+ binding. The comparison of
electronic spectra between 1OMe and Na+1OMe shows that Na+
binding has only a minor effect on the electronic structure of
the Mn(III) ion, which implies that the observed positive shift
in the asynchronicity factor for Na+1OMe, relative to 1OMe, is
primarily driven by the generation of a positive electrostatic
field. Conversely, the protonation of 1OMe significantly alters
the electronic spectrum due to the formation of a covalent O−
H bond with the bound OMe group. Therefore, the positive
shift in the asynchronicity factor for 1MeOH+ results from a
combination of generating a positive charge and modifications
in the electronic structure of the Mn(III) ion.
Analysis of Relative Free Energy Contributions from ET
and PT Terms to the Overall Driving Force
While the above experimental and computational results are
consistent with an oxidative asynchronous CPET process, we
considered further correlating the experimentally observed
reactivity rates (log k2) with a linear combination of free
energies associated with the ET and PT terms. For our
analysis, we calculated the free energy contributions for the ET
(ΔG°ET1) and PT (ΔG°PT2) steps using DFT methods
(Supporting Information). This approach deviates from the

Figure 9. Electrostatic potential map for 1OMe (left), Na+1OMe (middle), and 1MeOH+ (right). The color bar indicates the electrostatic potential
surface: red represents the most positive potential, and blue represents the most negative potential. The coordination of four additional solvent
methanol molecules to the Na+ ion has been considered in the Na+1OMe complex.

Table 3. DFT-Calculated ΔGPT1, ΔGET1, and η Values in kcal/mol for Reactions of 1OMe, Na+1OMe, and 1MeOH+ with Different
Phenol Substrates

Substrate 1OMe Na+1OMe 1MeOH+

ΔGPT1 ΔGET1 η ΔGPT1 ΔGET1 η ΔGPT1 ΔGET1 η
4-OMe-2,6-DTBP 15.42 31.12 −11.10 25.70 14.44 7.96 45.54 14.58 21.89
4-Me-2,6-DTBP 13.39 36.19 −16.12 24.73 19.52 3.68 44.39 19.65 17.49
4-H-2,6-DTBP 13.19 41.39 −19.94 24.52 24.71 −0.13 44.18 24.84 13.67
4-Br-2,6-DTBP 8.99 43.32 −24.27 20.33 26.64 −4.46 39.99 26.78 9.34
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conventional BEP analysis but has proved helpful in
distinguishing between synchronous and asynchronous CPET
processes, as previously demonstrated by Borovik and co-
workers.57

In a synchronous CPET process, the electron and proton
move simultaneously through the transition state, with ΔG°ET
and ΔG°PT terms contributing equally (1:1) to the overall
thermodynamic driving force, ΔG°CPET (eq 1). The reaction
barrier for synchronous CPET (ΔG°syn⧧) is linearly related to
the driving force ΔG°CPET as given in eq 2.57

° = ° + °G G GCPET ET PT (1)

° = ° +G G( )syn CPET (2)

By combining eqs 1 and 2, we derived eq 3, which describes
equal weightage of ΔG°ET and ΔG°PT terms in determining
changes in the activation barrier.

° = ° + ° +G G G( )syn ET PT (3)

Conversely, in the case of an asynchronous CPET process,
the electron and proton move at different rates along the
reaction coordinates. Consequently, the contributions of ET
and PT to the ground-state free energies are not necessarily
equivalent. Borovik and co-workers demonstrated that changes
in the activation barrier correlate better with a weighted
combination of ΔG°ET and ΔG°PT for asynchronous
processes.57 So, for an ET-controlled asynchronous CPET
mechanism, we modified eq 3 to obtain eq 4,

° = ° + ° +G G x G( )asyn ET PT (4)

where x limits between 0 and 1 (0 < x < 1) and ΔG°asyn⧧

represents the activation barrier for the ET-dominated

asynchronous process. A value of x = 0 implies a rate-
determining ET step followed by PT, while x = 1 describes a
fully concerted ET-PT process. Any value of x in the range 0 <
x < 1 measures the relative degree of PT character in the ET-
dominated CPET mechanism. Combining eq 4 with the Eyring
equation provides eq 557

i
k
jjj y

{
zzz= ° + ° +k

RT
G x Glog( )

2.303
( ) ,2 ET PT (5)

where

i
k
jjjj

y
{
zzzz= k T

h RT
log

2.303
.B

Equation 5 demonstrates a linear correlation between the
reactivity rate log(k2) and (ΔG°ET + xΔG°PT). A specific value
of x in the range 0 < x < 1 would provide the best linear fit,
which could be determined by evaluating the highest R2

parameter (Figure 10a−c). In Figure 10d, plots of R2 vs x
for the three Mn(III) complexes illustrate how the linear fit is
affected by the x values. From this analysis, we observed that
for all Mn(III) complexes, the best linear correlation was
achieved with x values less than 1 (x = 0.85 for 1OMe with R2 =
0.957, x = 0.80 for Na+1OMe with R2 = 0.950, and x = 0.75 for
1MeOH+ with R2 = 0.949), supporting further our assignment for
an oxidative asynchronous CPET mechanism. Interestingly,
the PT contribution (i.e., the x coefficient) decreases in the
order 1OMe > Na+1OMe > 1MeOH+, suggesting that oxidative
asynchronicity increases on going from 1OMe to Na+1OMe to
1MeOH+.

Figure 10. Plots of log(k2) vs (ΔG°ET + xΔG°PT) for (a) 1OMe, (b) Na+1OMe, and (c) 1MeOH+, highlighting fittings of reaction rates to ET-driven (x
= 0, red), synchronous CPET-driven (x = 1, blue) and ET-dominated imbalanced CPET (olive) mechanisms; (d) plot of R2 vs x for 1OMe (blue
circles), Na+1OMe (black squares), and 1MeOH+ (red triangles).
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■ SUMMARY AND CONCLUSIONS
In the present study, we have described the synthesis and
characterization of three novel Mn(III) complexes: [MnIII(L)-
(OMe)] (1OMe), {Na[MnIII(L)(OMe)]}1+ (Na+1OMe), and
[MnIII(L)(MeOH)]1+ (1MeOH+). Complexes [MnIII(L)-
(OMe)] and {Na[MnIII(L)(OMe)]}1+ both feature a terminal
MnIII−OMe unit. In {Na[MnIII(L)(OMe)]}1+, a Na+ ion
interacts electrostatically with both the oxygen of the Mn-OMe
unit and the phenoxide oxygen of the ligand, forming a Lewis
acid Na+-adduct. The complex [MnIII(L)(MeOH)]1+ with a
terminal methanol ligation represents the protonated analog of
[MnIII(L)(OMe)]. With these protonated and Na+-bound
compounds in hand, we investigated their hydrogen-atom
abstraction reactivity with various 4-R-2,6-di-tert-butylphenols
(R = OMe, Me, H, Br) and compared them to the reactivity of
the reference 1OMe complex. This comparison allowed us to
determine how H+ or Na+ binding affects the HAA reactivity of
the Mn(III)-OMe unit. Kinetic studies revealed distinct
differences in reaction rates among the complexes. The
complex 1MeOH+, with the most anodic MnIII/MnII potential,
showed the fastest reactivity, followed by Na+1OMe, and then
1OMe, which has the lowest MnIII/MnII potential in this series.
The Hammett analysis of the kinetic data showed that reaction
rates decrease with more electron-deficient phenols, exhibiting
negative slopes. This negative Hammett correlation is
inconsistent with a PT-dominated mechanism. The reaction
rates depend on the strength of the O−H bond in phenols. We
observed a linear decrease in the reaction rates (ln k2) with the
increase in O−H BDE (BEP plots). These kinetic data, along
with large negative activation entropy and mild KIE values
(1.2−1.7), support an apparent CPET mechanism for the
phenolic O−H bond oxidations by the Mn(III) complexes.
However, the Marcus slopes for all three Mn(III) complexes
(−0.262 to −0.286) differ substantially from the ideal CPET
slope of 0.0, suggesting that the electron−proton transfer does
not occur via a synchronous CPET pathway. It is, therefore,
reasonable to consider other possibilities, such as asynchro-
nous processes where the electron and proton are transferred
unequally at the transition state. For the present reactions, the
observed Marcus slopes lie between −0.5 and 0.0, supporting
an oxidative asynchronous CPET mechanism, in which the ET
character dominates over the PT character.
The binding of H+ or Na+ generates a positive charge within

the molecule, thereby adjusting the LUMO energy and,
consequently, the redox potential. Determination of the
asynchronicity factor (η) for the reaction between 4-R-2,6-
DTBP and each Mn(III) complex by DFT calculations
revealed a gradual positive shift of the η value from 1OMe to
Na+1OMe to 1MeOH+. These results suggest that developing a
positive charge induces greater oxidative-asynchronicity,
facilitating electron transfer and accelerating O−H bond-
activation reactions. We further validated the ET-dominated
asynchronous CPET mechanism by correlating the reactivity
rates (log k2) with the free-energy contributions from the ET
and PT terms using Borovik’s semiempirical method.
Our studies, therefore, reveal the effect of H+ or Na+ binding

on the HAA reactivity of the midvalent Mn(III)-OMe unit,
highlighting the importance of the asynchronicity factor in
HAA reactions. Investigation for further improving the
oxidizing capacity of metal(III)-OR complexes by developing
adducts with stronger Lewis acids (e.g., K+, Ca2+, Mg2+, Y3+,

etc.) and utilizing them to oxidize robust C−H/O−H
substrates are underway in our laboratory.

■ EXPERIMENTAL SECTION

Synthesis of Mn(III) Complexes
[MnIII(L)(MeOH)](ClO4)·MeOH (1MeOH(ClO4)·MeOH). The li-

gand H2L (0.100 g, 0.264 mmol) was dissolved in 10 mL of dry
methanol. Two equivalents of NaOMe were added, and the mixture
was stirred for 10 min. Following this, a 5 mL methanol solution of
Mn(ClO4)2 (0.067 g, 0.264 mmol) was added dropwise, and the
solution was stirred for 2 h under aerobic conditions. A color change
from yellowish-brown to dark green was observed during the reaction.
After that, the solution was filtered, and the volume was reduced to
approximately 2−3 mL. Then, 20 mL of diethyl ether was added,
yielding green precipitates. The green compound was isolated by
filtration, washed three times with diethyl ether, and dried under
vacuum. Pure compounds were obtained by recrystallizing from a
methanol solution through the slow diffusion of diethyl ether. Yield:
0.080 g (51%). Color: green. Anal. Calcd. for C24H32ClMnN4O8: C
48.45, H 5.42, N 9.42; Found: C 48.50, H 5.20, N 9.35. ESI(+)-MS
(in methanol): m/z 431.1337 (simulated for C22H24MnN4O2
[Mn(L)]+: m/z 431.1279). ATR-FTIR (cm−1, solid sample, a few
selected bands): 3583−3406 (br, ν(OH)methanol), 1594 (ν(C�
O)amide), 1271 (ν(C−O)phenolate), 1076 and 621 (ν(ClO4)). ATR-
FTIR (cm−1, in methanol, a few selected bands): 1627 (ν(C�
O)amide), 1272 (ν(C−O)phenolate), 1100 and 623 (ν(ClO4)). UV−vis
[λmax, nm (ε, M−1 cm−1)]: (in methanol) 253 (20170), 365 (sh,
3175), 575 (515), 900 (broad, 100). μeff(300 K) = 4.85 μB (solid state),
4.84 μB (solution state). A triflate salt of the complex, [MnIII(L)-
(MeOH)](CF3SO3), was synthesized via metathesis of [MnIII(L)-
(MeOH)](ClO4) with NaCF3SO3 and characterized by X-ray
diffraction.
Na[MnIII(L)(OMe)](ClO4)·2MeOH (Na1OMe(ClO4)·2MeOH). The

complex [MnIII(L)(MeOH)](ClO4)·MeOH (0.100 g, 0.168 mmol)
was dissolved in 10 mL of methanol. One equivalent of NaOMe
(0.009 g, 0.168 mmol) was added to this solution, and the mixture
was stirred at ambient temperature for one hour. During this time, the
solution changed from green to a brownish-red. The volume was then
reduced to approximately 2−3 mL under reduced pressure. The
compound precipitated as a brownish-red solid upon the addition of
20 mL of diethyl ether. The solid was filtered, washed with diethyl
ether, and dried in vacuo. The compound was dissolved in methanol
for recrystallization, and diethyl ether was slowly diffused into the
solution, yielding single crystals suitable for X-ray diffraction. Yield:
0.070 g (64%). Color: brownish-red. Anal. Calcd. for
C25H35ClMnN4NaO9: C 46.27, H 5.44, N 8.63; Found: C 46.35, H
5.23, N 8.52. ESI(+)-MS (in methanol): m/z 431.1297 (simulated for
C22H24MnN4O2 [Mn(L)]+: m/z 431.1279). ATR-FTIR (cm−1, solid
sample, a few selected bands): 3587−3382 (br, ν(OH)methanol),
1592(ν(C�O)amide), 1271 (ν(C−O)phenolate), 1083 and 622 (ν-
(ClO4)). ATR-FTIR (cm−1, in methanol, a few selected bands): 1615
(ν(C�O)amide), 1271 (ν(C−O)phenolate), 1077 and 621 (ν(ClO4)).
UV−vis [λmax, nm (ε, M−1 cm−1)]: (in methanol). 253 (20170), 315
(sh, 4390), 365 (sh, 3700), 515 (sh, 420), 870 (broad, 60). μeff(300 K)
= 4.86 μB (solid state), 4.80 μB (solution state).
[MnIII(L)(OMe)]·2MeOH (1OMe·2MeOH). This complex was

synthesized from [MnIII(L)(MeOH)](ClO4)·MeOH (0.100 g, 0.168
mmol) following a similar procedure to that described for
Na1OMe(ClO4)·2MeOH, but using one equivalent of Me4NOH as
the base instead of NaOMe. Yield: 0.050 g (57%). Color: brownish-
red. Anal. Calcd. for C25H35MnN4O5: C 57.03, H 6.70, N 10.64;
Found: C 56.95, H 6.31, N 10.53. ESI(+)-MS (in methanol): m/z
431.1291 (simulated for C22H24MnN4O2 [Mn(L)]+: m/z 431.1279).
ATR-FTIR (cm−1, solid sample, a few selected bands): 3368−3247
(br, ν(OH)methanol), 1582 (ν(C�O)amide), 1280 (ν(C−O)phenolate).
ATR-FTIR (cm−1, in methanol, a few selected bands): 1605 (ν(C�
O)amide), 1278 (ν(C−O)phenolate). UV−vis [λmax, nm (ε, M−1 cm−1)]:
(in methanol) 253 (20630), 365 (sh, 4250), 515 (sh, 460), 850
(broad, 50). μeff(300 K) = 4.89 μB (solid state), 4.85 μB (solution state).
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