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ABSTRACT: Redox-inactive metal ions have been recognized to be able to
participate in redox metal-ion-mediated biological and chemical oxidative
events; however, their roles are still elusive. This work presents how the redox-
inactive metal ions affect the oxidative reactivity of a well-investigated
manganese(II) with its corresponding manganese(IV) complexes having cross-
bridged cyclam ligand. In dry acetone, the presence of these metal ions can
greatly accelerate stoichiometric oxidations of triphenylphosphine and sulfides
by the manganese(IV) complexes through electron transfer or catalytic
sulfoxidations by the corresponding manganese(II) complexes with PhIO.
Significantly, the rate enhancements are highly Lewis-acid strength dependent
on added metal ions. These metal ions like Al3+ can also promote the
thermodynamic driving force of the MnIV−OH moiety to facilitate its
hydrogen abstraction from ethylbenzene having a BDECH value of 85 kcal/
mol, while it is experimentally limited to 80 kcal/mol for MnIV−OH alone. Adding Al3+ may also improve the manganese(II)-
catalyzed olefin epoxidation with PhIO. However, compared with those in electron transfer, improvements in hydrogen
abstraction and electron transfer are minor. The existence of the interaction between Lewis acid and the manganese(IV) species
was evidenced by the blue shift of the characteristic absorbance of the manganese(IV) species from 554 to 537 nm and by
converting its EPR signal at g = 2.01 into a hyperfine 6-line signal upon adding Al3+ (I = 5/2). Cyclic voltammograms of the
manganese(IV) complexes reveal that adding Lewis acid would substantially shift its potential to the positive direction, thus
enhancing its oxidizing capability.

■ INTRODUCTION
Oxidations including hydrogen abstraction, oxygen transfer,
and electron transfer are of most important biological and
chemical processes in which the redox metal ions play
significant roles.1 In these redox metal-ion-mediated oxidations,
the oxidation state of the metal ions generally changes
frequently in the catalytic cycle. Among a variety of transition
metal elements, iron, manganese, and copper dominate over
the vast realm of redox catalyts in nature. Classical examples
include the iron element in P450 enzymes and methane
monooxygenases, manganese in Photosystem II and perox-
idases, and copper in many copper oxidases.2 To clarify related
oxidation mechanisms, versatile inorganic models having
synthetic ligands have been extensively explored; meanwhile,
these metal complexes, including expanded metal ions like
ruthenium and palladium, have also been widely applied in
chemical catalytic oxidation studies.3,4 In general, the oxidative
reactivities of these redox metal catalysts are modified through
ligand designs due to their wide availability, and attention has
seldom been paid on other factors such as the overall net
charge of the active species.5

In addition to the redox-active metal ions which directly
catalyze the oxidation reactions, the redox-inactive metal ions

may also be involved in these oxidation processes. The well-
known examples include various metal ions that are frequently
added to the redox metal oxide catalysts to modify their
reactivities in heterogeneous oxidations, and in nature, Ca2+

also occurs in the Photosystem II center as one part of the
Mn4O5Ca cluster, even though its role still remains elusive.6,7

However, these redox-inactive metal ions are seldom utilized in
the catalytic oxidations happening in liquid media, that is,
homogeneous catalytic oxidations. In limited examples, Collins
even found that certain Lewis acids like Zn2+, Mg2+, and Sc3+

could drive the oxygen atom transfer of their manganyl moiety
(MnVO) species to triphenylphosphine, which is apparently
a sluggish oxidant in the absence of Lewis acids.8 Lau
demonstrated a series of Lewis-acid-activated stoichiometric
oxidations of the C−H bond with MnO4

− or FeO4
− and FeCl3

as Lewis-acid-accelerated catalytic alkane oxidation by
[OsVI(N)Cl4]

−.9 Fukuzumi and Nam found that Lewis acids
like Sc3+ may substantially accelerate stoichiometric sulfide
oxygenation by FeIV(N4Py)(O); a similar acceleration effect
was also observed in MnIV(N4Py)(O)-mediated sulfoxidation
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but not in hydrogen abstraction; in another example, they also
observed that formation of the Sc3+−O−FeIV bridge in
FeIV(TMC)(O) complex may shift its one-electron reduction
by ferrocene to two-electron reduction.10 Fukuzumi also
extensively investigated the redox-inactive metal-ion-controlled
electron transfer from electron donors to acceptors, named
metal-ion-coupled electron transfer.11 Also, Goldberg found
that the redox-inactive Zn2+ can enhance the oxidizing ability of
(TPB8Cz)MnVO in electron transfer.12 Notably, Borovik
most recently found that Ca2+ may enhance reduction of
dioxygen with their [MnIIMST]− complexes.13

In the literature, the acceleration effects of the redox-inactive
metal ions in oxidations are generally attributed to their
linkages to the redox metal ions. In Collin’s MnVO
complexes, binding of Li+ or Zn2+ within the manganyl moiety
was illustrated by the 15 cm−1 blue shift of the IR band of the
ν(MnVO) moiety from 939 to 954 cm−1.8 Goldberg
proposed that Zn2+ may interact with the MnVO functional
group in their (TPB8Cz)MnVO complexes, which shifts the
MnVO functional group to an MnIVOZn2+ moiety, thus
accelerating its electron transfer rate.12 Lau rationalized their
acceleration effects in C−H bond oxidation as the oxidant
act ivat ion by formation of [(O)3Fe

VIO→Mn+] ,
[(O)3MnVIIO→BF3], and [Cl4(O)Os

VIIIN→Fe3+] inter-
mediates.9 The great acceleration of electron transfer in sulfide
oxygenation observed by Fukuzumi was also attributed to
formation of the plausible [(N4Py)FeIII(O)]+−nSc3+ or binding
of redox-inactive metal ions to the radical anion of electron
acceptors in their metal-ion-coupled electron transfer proc-
esses.10a,11 These discoveries strongly imply that, as well as in
heterogeneous oxidations, Lewis acid may participate in
modulating the reactivity of the redox metal ions in liquid
oxidation through its bridge or ligation with them. However,
due to the fact that the examples reporting Lewis-acid-
accelerated oxidations are still very limited until now, it is still
unclear to which extent the Lewis acid could improve the
traditional oxidations happening in liquid media. For example,
(1) can Lewis acid accelerate all kinds of oxidations occurring
in liquid media including electron transfer, oxygen transfer, and
hydrogen abstraction? (2) Does Lewis acid improve the
oxidizing capability of the active metal intermediate as well as
accelerating its reaction rate? (3) Does Lewis acid accelerate
catalytic oxidations mediated by these popular redox metal
catalysts like manganese as well as those in stoichiometric
oxidations? Clarifying these issues may help to understand how
the redox-inactive metal ions participate in these redox metal-
ion-mediated biological and chemical oxidations and benefit
design of selective oxidation catalysts. In particular, compared
with the oxidations happening in redox enzymes and on
heterogeneous catalyst surfaces, the mechanisms of oxidations
happening in liquid media are apparently easier to be clarified,
which provides a convenient protocol to address the
aforementioned issues through investigating how the redox-
inactive metal ions affect the oxidative reactivities of a redox
metal catalyst in liquid media.
Inspired by these preceding works, here we present an

example of Lewis-acid-promoted stoichiometric and catalytic
oxidations based on a well-developed manganese(II) catalyst
having cross-bridged cyclam ligand, Mn(Me2EBC)Cl2
(Me2EBC = 4,11-dimethyl-1,4,8,11-tetraazabicyclo[6.6.2]-
hexadecane), with its corresponding manganese(IV) complexes
to address these issues (Figure 1). Since the oxidative
properties of this manganese catalyst have been extensively

studied,14 it would apparently benefit investigation of how and
to which extent the Lewis acid can affect its oxidative
properties. Our results reveal that the redox-inactive metal
ions may greatly accelerate the oxidations proceeding by
electron transfer with this manganese complex and improve its
ability in electron transfer as well. The hydrogen abstraction
ability of the manganese complexes can also be promoted by
adding Lewis acids like Al3+, but the efficiencies are very poor;
similar slightly improved oxygen transfer efficiencies of this
manganese complex were also observed in olefin epoxidation.

■ EXPERIMENTAL SECTION
The manganese(II) and corresponding manganese(IV) complexes,
Mn(Me2EBC)Cl2 and Mn(Me2EBC)(OH)2(PF6)2, were synthesized
according to the literature.14b,f Iodosobenzene was synthesized from
iodosobenzene diacetate by following the reported procedures.15

Sodium trifluoromethanesulfonate (NaOTf), magnesium trifluorome-
thanesulfonate (Mg(OTf)2), and scandium trifluoromethanesulfonate
(Sc(OTf)3) came from Aladdin. Other trifluoromethanesulfonates
including Ca(OTf)2, Al(OTf)3, Y(OTf)3, and Yb(OTf)3 came from a
local chemical company. Benzyl phenyl sulfide, diphenyl sulfide,
diphenyl sulfoxide, methyl phenyl sulfoxide, benzophenone, 2-
phenylpropionaldehyde, tris(m-tolyl)phosphine, tris(p-fluorophenyl)-
phosphine, tris(p-chlorophenyl)phosphine, tris(m-methoxyphenyl)-
phosphine, and other reagents were purchased from Alfa Aesar.
Acetone was dried with molecular sieves (3 Å) before use.

Kinetic data were collected on Analytikjena, specord 205, GC-MS
analysis was performed on Agilent 7890A/5975C, and EPR experi-
ments were conducted at 160 K on Bruker A200. Electrochemical data
were collected on a CS Corrtest electrochemical workstation equipped
with glassy carbon as both working and counter electrodes and
saturated calomel as reference electrode. Electrochemical measure-
ments were performed under nitrogen in dry acetonitrile with 0.1 M
tetrabutylammonium perchlorate as the supporting electrolyte.

General Procedures for Lewis-Acid-Promoted Catalytic
Sulfoxidation by the Manganese(II) Complexes. In 5 mL of
dry acetone containing 0.1 M thioanisole, 0.33 mM manganese(II)
complexes, and 0.33 mM Lewis acid, for example, Al(OTf)3, 0.6 mmol
of PhIO was added to initialize the reaction. The reaction mixture was
stirred in a water bath at 298 K for 4 h, and product analysis was
performed by GC using the internal standard method. Control
experiments using the manganese(II) complexes or Lewis acid alone as
catalyst were carried out in parallel. In particular, GC-MS analysis was
carried out for product identification of benzyl phenyl sulfide
oxidation.

General Procedures for Lewis-Acid-Promoted Stoichiomet-
ric Sulfoxidation by the Manganese(IV) Complexes. In 5 mL of
dry acetone solvent, 0.02 mmol of the manganese(IV) complexes, 0.02
mmol of Al(OTf)3, and 0.01 mmol of biphenyl sulfide were added.
The resulting reaction mixture was stirred in a water bath at 293 K for
4 h, and product analysis was performed by GC using the internal
standard method. Control experiments using the manganese(IV)
complexes alone as oxidant were carried out in parallel. In particular,
GC-MS analysis was carried out for product identification of benzyl
phenyl sulfide oxidation.

Figure 1. Structure of Mn(Me2EBC)Cl2 and corresponding Mn-
(Me2EBC)(OH)2

2+.
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General Procedures for Kinetic Measurement in Lewis-Acid-
Promoted Triphenylphosphine Oxygenation by the
Manganese(IV) Complexes. To determine the second-order kinetic
rate constant of triphenylphosphine oxygenation by the manganese-
(IV) complexes in the presence of redox-inactive metal ions,
oxygenations of triphenylphosphine (10, 20, 30, and 40 mM) were
separately carried out with the manganese(IV) complexes (2 mM) and
Lewis acid (2 mM), for example, Al(OTf)3, in dry acetone at 293 K.
The disappearance of the manganese(IV) species was monitored by a
UV−vis spectrophotometer, and oxygenation kinetic data were
collected. In each oxygenation reaction, the disappearance of the
manganese(IV) species in a control experiment without triphenyl-
phosphine was conducted in parallel. For calculations of the pseudo-
first-order rate constants, corrections of the oxygenation kinetic curves
were done by compensating for the disappearance of the manganese-
(IV) species in control experiments due to its instability. Kinetic
experiments were performed at least in duplicate, and average kinetic
data were used in the discussion.
In the Hammett plot, similar triarylphosphine oxygenation kinetics

with the manganese(IV) complexes in the presence of Al(OTf)3 was
conducted for substrates including tris(m-tolyl)phosphine, tris(p-
fluorophenyl)phosphine, tris(p-chlorophenyl)phosphine, and tris(m-
methoxyphenyl)phosphine.
General Procedures for Lewis-Acid-Promoted Catalytic

Olefin Epoxidation by the Manganese(II) Complexes. In 5 mL
of dry acetone containing 0.1 M cyclohexene, 0.33 mM manganese(II)
complexes, and 0.33 mM Al(OTf)3, 0.6 mmol of PhIO was added to
initialize the reaction. The reaction mixture was stirred in a water bath
at 298 K for 14 h, and product analysis was conducted by GC using
the internal standard method. Control experiments using the
manganese(II) complexes or Al(OTf)3 alone as catalyst were carried
out in parallel. Reactions were performed at least in duplicate, and
average data were used in the discussion.
General Procedures for Lewis-Acid-Promoted Stoichiomet-

ric Hydrogen Abstraction by the Manganese(IV) Complexes.
In 5 mL of dry acetone, 0.04 mmol of the manganese(IV) complexes,
0.04 mmol of Al(OTf)3, and 0.02 mmol of ethylbenzene were added.
The resulting reaction mixture was stirred in a water bath at 293 K for
48 h, and product analysis was conducted by GC using the internal
standard method. Control experiments using the manganese(IV)
complexes alone as oxidant were carried out in parallel. Reactions were
performed at least in duplicate, and average data were used in the
discussion.
General Procedures for Lewis-Acid-Promoted Catalytic

Hydrogen Abstraction by the Manganese(II) Complexes. In 5
mL of dry acetone containing 0.1 M ethylbenzene, 0.33 mM
manganese(II) complexes, and 0.33 mM Al(OTf)3, 0.6 mmol of
PhIO was added to initialize the reaction. The reaction mixture was
stirred in a water bath at 298 K for 48 h, and product analysis was
conducted by GC using the internal standard method. Control
experiments using the manganese(II) complexes or Al(OTf)3 alone as
catalyst were carried out in parallel. Reactions were performed at least
in duplicate, and average data were used in the discussion.

■ RESULTS AND DISCUSSION

Redox-Inactive Metal-Ion-Promoted Catalytic Sulfox-
idation with the Manganese(II) Complexes. In previous
studies it was found that stoichiometric sulfoxidation by the
manganese(IV) complexes, Mn(Me2MBC)(OH)2(PF6)2, is
very sluggish in acetone/water (ratio 4:1), while catalytic
sulfoxidation by the corresponding manganese(II) complexes,
Mn(Me2MBC)Cl2, is highly efficient when using H2O2 as
oxidant.14p These findings provide a basis for us to investigate
how the redox-inactive metal ions serving as Lewis acid affect
the catalytic sulfoxidation activity of the Mn(Me2MBC)Cl2
catalyst. To avoid potential interference from the hydroxyl
radical and the solvation effect of water to the added redox-
inactive metal ions due to use aqueous H2O2 as oxidant,

iodosylbenzene (PhIO) was selected as oxidant in the present
studies, and reactions were performed in dry acetone. Results of
catalytic oxygenation of thioanisole with Mn(Me2MBC)Cl2
catalyst in the presence of various Lewis acids are summarized
in Table 1.

As shown in Table 1, without redox-inactive metal ions
added, the manganese(II) complexes are capable of oxygen-
ating thioanisole with PhIO as oxidant in dry acetone at 293 K;
however, the catalytic efficiency is very poor. After 4 h reaction,
only 9.8% of thioanisole was converted with 5.1% yield of
methyl phenyl sulfoxide, representing 52% selectivity. Adding 1
equiv of metal ions such as Na+, Mg2+, Ca2+, Al3+, Sc3+, Y3+, and
Yb3+ to the catalytic solution would greatly improve the
catalytic efficiency. Adding Na+ remarkably improves thio-
anisole oxidation with 27.5% conversion, but the yield of
sulfoxide is still poor (6.8%). In the presence of Ca2+, which has
biological importance, conversion of thioanisole can be
improved up to 46.7% with 42.7% yield of sulfoxide in 4 h,
representing 91.4% of selectivity on sulfoxide, while Ca2+ alone
can only provide 7.8% conversion with 1.9% yield. Using Al3+ as
additive provides 95.4% yield with 97.1% conversion,
representing 98.2% selectivity on sulfoxide, while Al3+ alone
gives only 11.8% yield with 17.9% conversion. In the case of
using synthesized pure manganese(IV) complexes plus Al3+ as
catalyst it provides 88.7% yield with 92.0% conversion,
representing 96.4% selectivity on sulfoxide, very similar to
that of using manganese(II) complexes plus Al3+. Similarly,
using Y3+ provides 98.3% conversion with 96.0% yield,
representing 97.7% selectivity on sulfoxide, while Y3+ alone
only provides 11.5% conversion with 3.9% yield. In
complementary experiments, adding more Lewis acid would
further accelerate the oxygenation rate but leads to the lower
selectivity to sulfoxide. For example, adding 4 equiv of
Ca(OTf)2, 51.1% yield of sulfoxide can be obtained with
74.6% conversion of thioanisole in 4 h, representing 68.5%
selectivity on sulfoxide, much lower than that of using 1 equiv
of Ca2+ (91.4%). In the case of Al3+, adding 4 equiv of
Al(OTf)3, PhIO oxidant can be depleted in 0.5 h with only
62.8% yield of sulfoxide and 86.4% of conversion achieved, also
indicating the decreased selectivity (72.7%) on sulfoxide.
Apparently, the greatly improved catalytic activity of the

manganese(II) catalyst by adding redox-inactive metal ions
cannot be attributed to simple addition of using manganese(II)

Table 1. Catalytic Oxygenation of Thioanisole by the
Manganese(II) Complexes in the Presence of Redox-Inactive
Metal Ions As Lewis Acida

additives conversion (%)a yield (%)a

9.8 5.1
Na+ 27.5 (17.5) 6.8 (16.9)
Mg2+ 59.0 (10.2) 48.5 (2.7)
Ca2+ 46.7 (7.8) 42.7 (1.9)
Al3+ 97.1 (17.9) 95.4 (11.8)
Sc3+ 90.8 (16.7) 78.2 (8.5)
Y3+ 98.3 (11.5) 96.0 (3.9)
Yb3+ 94.8 (13.5) 57.1 (6.8)

aThe data in parentheses represent control experiment without
manganese(II) catalyst. aConditions: solvent acetone 5 mL,
thioanisole 0.1 M, manganese(II) catalyst 0.33 mM, Lewis acid 0.33
mM, PhIO 0.6 mmol, 293 K, 4 h. Conversion is defined as (amount of
substrate consumption)/(amount of substrate added) × 100%.
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catalyst and these metal ions separately but strongly suggests
that the synergistic effect occurs between the manganese(II)
catalyst and the Lewis acid in oxygenation. Notably, the added
metal ions having higher positive charge demonstrate better
efficiency in promoting the catalytic efficiency of the
manganese(II) catalyst. For example, the yield of sulfoxide
increases along the series of the positive charge from 1+, 2+, to
3+ of the added Lewis acid. For example, from Na+ to Mg2+ and
then to Al3+, the yield of sulfoxide increases from 6.8% to 48.5%
and then to 95.4%. The catalytic kinetics further disclosed the
acceleration effect of Lewis acid on the manganese(II)
complexes mediated sulfoxidations (Figure 2). Without Lewis

acid added, catalytic oxygenation by the manganese(II) catalyst
is very sluggish, while adding 1 equiv of Lewis acid would
apparently accelerate the oxygenation rate of the manganese(II)
catalyst. Consistent with the improved yields as shown in Table
1, the acceleration effect increases along the series of charge 1+,
2+, and 3+ of the added metal ions, and typically, Y3+ and Al3+

demonstrate the highest acceleration effect. In addition, using
synthesized pure manganese(IV) complexes with Al3+ generates
an identical kinetic curve to that of the manganese(II)
complexes with Al3+. Together with the catalytic efficiency
aforementioned, it suggests that the catalyst precursor does not
affect the acceleration effect of added Lewis acid.
Benzyl phenyl sulfide is a unique substrate for sulfide

oxygenation. In a common oxygen atom transfer process it
provides benzyl phenyl sulfoxide as the dominant oxygenation
product.16 In the case of the reaction proceeding by electron
transfer in which a sulfur cation radical would occur as the
intermediate, C−S bond cleavage products including benzalde-
hyde, thiophenol, and phenyl disulfide may occur with minor
sulfoxide product formation.17 Unlike using H2O2 as oxidant
which provides dominant sulfoxide as product in previous
studies,14p in this work, the manganese(II) catalyst alone
provides only 6.1% yield of benzyl phenyl sulfoxide with 47.6%
conversion when using PhIO as oxidant. Adding Al3+ to the
reaction system gives 19.9% yield of sulfoxide with 95.1%
conversion, while Al3+ alone as catalyst produces only 0.6%
yield with 4.2% conversion. Furthermore, GC-MS analysis
revealed the occurrence of dominant C−S bond cleavage
products including benzaldehyde, benzenethiol, phenyl disul-
fide, 1,2-diphenylethane, and S-phenyl benzenesulfonothioate,
etc., clearly supporting catalytic sulfoxidation proceeding by
electron transfer (see Figure S20, Supporting Information).

Redox-Inactive Metal-Ion-Promoted Stoichiometric
Sulfoxidation by the Manganese(IV) Complexes.
Although catalytic sulfoxidations by the manganese(II) catalyst
demonstrated high efficiencies, as reported earlier, the
synthesized pure manganese(IV) complexes alone,
MnIV(Me2EBC)(OH)2(PF6)2, are incapable of oxidizing
sulfides like diphenyl sulfide and thioanisole to their
corresponding sulfoxides in acetone/water (ratio 4:1).14p

Here, the influence of the redox-inactive Al3+ was investigated
for stoichiometric oxygenation of various sulfides by the
manganese(IV) complexes, and the results are summarized in
Table 2. In dry acetone, the synthesized manganese(IV) species

has the characteristic absorbance occurring at 554 nm which is
identical to that in acidic acetone/water solution,14k indicating
that, here, the manganese(IV) species still remains two
hydroxide functional groups (see Figure S1, Supporting
Information, and Figure 6). In the control experiments, the
manganese(IV) complexes alone cannot efficiently oxidize
these sulfides in dry acetone. Without Al3+ added, stoichio-
metric oxygenations of thianthrene, diphenyl sulfide, and
thioanisole by the manganese(IV) complexes provide only
9.7%, 4.3%, and 6.7% yield of the corresponding sulfoxides in 4
h at 293 K, respectively. Upon adding 1 equiv of Al(OTf)3, the
oxygenation efficiency of the manganese(IV) species was
improved significantly, providing 53.2%, 15.3%, and 23.9%
yield of the sulfoxides, respectively. Apparently, the presence of
redox-inactive metal ions like Al3+ would greatly promote the
oxidizing ability of the manganese(IV) complexes for sulfide
oxidation.
Using benzyl phenyl sulfide as substrate for stoichiometric

oxygenation provides similar mechanistic information as well as
that in catalytic sulfoxidation. In the presence of 1 equiv of Al3+,
benzyl phenyl sulfide as substrate provides only 1.9% yield of
sulfoxide product with 50.8% conversion while the manganese-
(IV) complexes alone gives only 0.6% yield of sulfoxide with
8.0% conversion. GC-MS analysis of products also confirmed
the occurrence of dominant C−S cleavage products including
benzenethiol, phenyl disulfide, 1,2-diphenylethane, and S-
phenyl benzenesulfonothioate as well as those in catalytic
oxygenation by the manganese(II) complexes plus Al3+ (see
Figure S21, Supporting Information). Taken together, these
results provide clear evidence to support that sulfide oxygen-
ation proceeds by electron transfer rather than direct oxygen
atom transfer in this manganese(IV) complexes plus Lewis-
acid-mediated sulfoxidations, and adding Lewis acid would
greatly enhance its ability in electron transfer. Remarkably,
when oxygenations were carried out in acetone/water (4:1),
adding Lewis acid like Al3+ does not generate any improvement
on sulfoxidation. For example, in diphenyl sulfide and

Figure 2. Lewis-acid-accelerated oxygenation kinetics by the
manganese(II) catalyst. Conditions: solvent acetone 5 mL, thioanisole
0.1 M, manganese(II) catalyst 0.33 mM, Lewis acid 0.33 mM, PhIO
0.6 mmol, 293 K, 4 h.

Table 2. Lewis-Acid-Promoted Stoichiometric Oxygenation
of Sulfides by the Manganese(IV) Complexesa

substrate product yield (%)b

thianthrene thianthrene monooxide 53.2 (9.7)
diphenyl sulfide diphenyl sulfoxide 15.4 (4.3)
thioanisole methyl phenyl sulfoxide 23.9 (6.7)
benzyl phenyl sulfide benzyl phenyl sulfoxide 1.9 (0.6)

aConditions: solvent acetone, manganese(IV) complexes 4 mM,
Al(OTf)3 4 mM, substrate 2 mM, 293 K, 4 h. bYield is based on sulfide
conversion, and data in parentheses come from control experiments
without Al(OTf)3 added.
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thioanisole oxidations, 1 equiv of Al(OTf)3 with the
manganese(IV) complexes in acetone/water (4:1) can only
provide less than 1.5% yield of diphenyl sulfoxide or methyl
phenyl sulfoxide, which is identical to that using the
manganese(IV) complexes alone. Apparently, the presence of
water may block the interaction between Al3+ and the
manganese(IV) species due to its solvation effect on the Al3+

cation (vide infra); thus, the acceleration effect does not occur
in acetone/water mixture.
Kinetics of Redox-Inactive Metal-Ion-Promoted Stoi-

chiometric Triphenylphosphine Oxygenation by the
Manganese(IV) Complexes. The kinetics of triphenylphos-
phine oxygenation by the manganese(IV) complexes in dry
acetone further disclosed the acceleration effect of adding these
redox-inactive metal ions as Lewis acid. After adding
manganese(IV) complexes to the dry acetone solution
containing triphenylphosphine the purple color of the
manganese(IV) species gradually turns to the colorless
manganese(II) species with formation of triphenylphosphine
oxide as reported previously.14k In the presence of 1 equiv of
Al(OTf)3, stoichiometric oxidation of triphenylphosphine with
manganese(IV) complexes could provide 85.2% yield of
triphenylphosphine oxide. In particular, adding redox-inactive
metal ions to the reaction mixture would substantially
accelerate the oxygenation rate, and the corresponding kinetic
results are summarized in Table 3. Without redox-inactive

metal ions added, the second-order rate constant (k2) for
triphenylphosphine oxygenation by the manganese(IV) species
alone is (1.6 ± 0. 026) × 10−3 M−1 s−1 in dry acetone at 293 K.
Adding 1 equiv of Na+ improves k2 to (3.2 ± 0. 014) × 10−3

M−1 s−1, representing a doubled oxygenation rate, and they are
(3.8 ± 0. 018) × 10−3 M−1 s−1 for Mg2+ and (6.8 ± 0. 027) ×
10−3 M−1 s−1 for Ca2+, representing 2−4-fold rate enhance-
ments. Using strong Lewis acids like Yb3+, Y3+, Sc3+, and Al3+

would greatly accelerate the oxygenation rate of the manganese-
(IV) species. For example, adding 1 equiv of Sc3+ or Al3+ may
generate a 23- or 26-fold rate increase, and the corresponding
k2 values are (3.6 ± 0. 11) × 10−2 and (4.2 ± 0. 13) × 10−2 M−1

s−1, respectively. Apparently, with the positive charge of added
redox-inactive metal ions increasing from 1+ to 3+, the
acceleration effect becomes more and more sensitive as those
observed in sulfoxidation (vide supra). For example, from Na+

to Mg2+ and then to Al3+, the rate enhancement changes from
2- to 2.4- and then to 26-fold with the charge increasing from
1+ to 2+ and then to 3+. Figure 3 clearly displays their different

rates in triphenylphosphine oxygeantion. These metal ions,
including Na+, Mg2+, and Al3+, occur in the same third row of
the periodic table; with their positive charge increasing from 1+
to 2+ and then to 3+, their ionic radii decreases from 1.18 to
0.89 and then to 0.535 Å, indicating their Lewis-acid strength
increases along the series of Na+, Mg2+, and Al3+.18 Obviously,
the oxygenation rate increases along the series of the Lewis-
acidity strength of added redox-inactive metal ions. Consistent
with this, with the ionic radii increasing along the series of Al3+

(0.535 Å), Sc3+ (0.87 Å), and Y3+ (1.019 Å) which have
identical 3+ overall charge,18 their acceleration in oxygenation
rate decreases along the identical series from 26- to 23- and
then to 18-fold.
As demonstrated in Figure 4, increasing the ratio of Lewis-

acid/Mn(IV) would further accelerate the oxygenation rate of

triphenylphosphine. For example, in the absence of Lewis acid,
the k2 value for oxygenation by the manganese(IV) species is
(1.6 ± 0.026) × 10−3 M−1 s−1, while they are (4.2 ± 0.13) ×
10−2 M−1s−1 in the presence of 1 equiv of Al3+ ion and (7.6 ±
0.11) × 10−2 M−1 s−1 in the presence of 2 equiv of Al3+,
representing 26- and 48-fold oxygenation rate increase,
respectively. Due to the great influence of the Al(III)/Mn(IV)
ratio on the oxygenation rate, further increasing the ratio leads
to a too fast oxygenation rate which cannot be accurately

Table 3. Second-Order Rate Constants of Redox-Inactive
Metal-Ion-Promoted Triphenylphosphine Oxygenation by
the Manganese(IV) Complexesa

additives k2 (M
−1s−1) relative rate

(1.6 ± 0. 026) × 10−3 1
Na+ (3.2 ± 0. 014) × 10−3 2
Mg2+ (3.8 ± 0. 018) × 10−3 2.4
Ca2+ (6.8 ± 0. 027) × 10−3 4.2
Yb3+ (1.4 ± 0. 019) × 10−2 8.8
Y3+ (2.8 ± 0. 035) × 10−2 18
Sc3+ (3.6 ± 0. 11) × 10−2 23
Al3+ (4.2 ± 0. 13) × 10−2 26

aConditions: solvent acetone, triphenylphosphine 10, 20, 30, and 40
mM, manganese(IV) complexes 2 mM, trifluoromethanesulfonate of
redox-inactive metal ions 2 mM, 293 K.

Figure 3. Oxygenation kinetics for triphenylphosphine with the
manganese(IV) complexes in the absence/presence of Lewis acid.
Conditions: solvent acetone, triphenylphosphine 40 mM, manganese-
(IV) complexes 2 mM, trifluoromethanesulfonate of redox-inactive
metal ions 2 mM, 293 K.

Figure 4. Influence of Al3+ concentration on triphenylphosphine
oxygenation by the manganese(IV) complexes. Conditions: solvent
acetone, triphenylphosphine 20 mM, Mn(IV) complexes 2 mM in
acetone, 293 K.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic400361s | Inorg. Chem. 2013, 52, 5418−54275422



measurable by UV−vis spectrophotometry. Accordingly, the
saturation behavior on the concentration of Al3+ cannot be
observed here.
In previous studies, it was revealed that triarylphosphine

oxygenation by MnIV(Me2EBC)(OH)2
2+ proceeds by electron

transfer and increasing the overall positive net charge of the
manganese(IV) species through protonation to generate
MnIV(Me2EBC)(OH(OH2)

3+ would substantially accelerate
its oxygenation rate by 10−20-fold.14k,q To clarify the Lewis-
acid-promoted oxygenation mechanism of the manganese(IV)
species, the substituent effect of triphenylphosphine oxygen-
ation was investigated with p-F-, p-Cl-, m-CH3-, and m-OCH3-
substituted triarylphosphines and triphenylphoshphine itself as
substrates, and the corresponding Hammett plot is displayed in
Figure 5. The obtained slope of the Hammett plot (ρ = −0.65

± 0.089) is almost identical to the value in the earlier study
with Bronsted-acid-accelerated oxidation (ρ = −0.697) in
which oxygenation proceeds by electron transfer.14k Therefore,
the presence of the Lewis acid may significantly accelerate
triphenylphosphine oxygenation but not change the oxygen-
ation mechanism, for example, from electron transfer to direct
oxygen transfer. In the literature, Fukuzumi and Nam observed
that in the Sc3+-accelerated thioanisole oxygenation by
FeIV(N4Py)(O) adding Sc3+ would shift the oxygenation
mechanism from the direction oxygen transfer to metal-coupled
electron transfer, and the reaction could be accelerated up to
100-fold.19 These findings apparently suggest that adding Lewis
acid would substantially accelerate the redox-active metal-ion-
mediated electron transfer rate, and enhancement is highly
Lewis-acid strength dependent.
Redox-Inactive Metal-Ion-Participated Catalytic Ole-

fin Epoxidation with the Manganese(II) Complexes.
Olefin epoxidation is a classic probe to investigate oxygen
transfer reactions.22 Previous studies reveal that neither MnIV
O nor MnIV−OH is capable of epoxidizing olefin, while
catalytic epoxidation with H2O2 proceeds by a Lewis-acid
pathway having a MnIV−OOH moiety serving as the active
intermediate.14d,e Here, quantitative treatment of the
manganese(IV) complexes plus Al3+ with olefins, for example,
cyclohexene and styrene, does not provide any epoxide product
as well as using the manganese(IV) complexes alone, indicating
that the oxygen transfer capability of the Mn(IV) species, which
have two hydroxide rather than oxo ligands (see Figure 1b),
may not be enhanced by adding Lewis acid. In the case of using
PhIO as oxidant, catalytic epoxidation of cyclohexene is also

sluggish using either manganese(II) complexes alone or
manganese(II) complexes plus Al3+ as catalyst. After reaction
for 14 h at 298 K, manganese(II) catalyst alone provides 5.5 ±
0.2% yield of epoxide while manganese(II) complexes plus Al3+

gives 12.9 ± 0.4% yield. A control experiment using Al3+ alone
gives only 3.9 ± 0.1% yield of epoxide as well as that of using
PhIO alone without catalyst (3.3 ± 0.1%). Thus, Al3+ as Lewis
acid has demonstrated its capability to accelerate catalytic
epoxidation by the manganese(II) catalyst, although its
efficiency is still poor. In Collins’s studies, they even found
that their manganyl moiety (MnVO) plus Mg2+ or Sc3+ does
not epoxidize olefin like 2,3-dimethyl-2-butene but provides
hydrogen abstraction products when using tert-butylhydroper-
oxide as oxidant, whereas the manganyl moiety alone does
catalyze olefin epoxidation.8 In common olefin epoxidation by
an oxygen rebound mechanism, the active oxygen is transferred
from the redox metal oxo functional group to the double bond
of olefin.23 Here, the manganese(IV) species has two hydroxide
ligands which is incapable of transferring oxygen to olefin in
quantitative treatment. The detailed mechanism is not fully
understood for the Al3+ improved catalytic epoxidation by the
manganese(II) catalyst. In the literature, PhIO adducts of the
manganese(III) and manganese(V) complexes were independ-
ently proposed by Collman and Goldberg as active
intermediates in olefin epoxidation, where the manganese
species serve as Lewis acid.24 Here, since neither synthesized
manganese(IV) complexes alone nor manganese(IV) com-
plexes plus Al3+ is incapable of epoxidizing olefins in the
absence of PhIO, one may similarly suspect that catalytic
epoxidation by this manganese(II) catalyst with PhIO oxidant
may proceed by a Lewis-acid mechanism in which the PhIO
adduct of the manganese(IV) species serves as the key active
intermediate as well as those in Collman and Goldberg’s
epoxidations, and interaction of Al3+ cation with the
manganese(IV) species may enhance its Lewis-acid strength,
thus improving its epoxidation efficiency.

Redox-Inactive Metal-Ion-Promoted Stoichiometric
and Catalytic Hydrogen Abstractions by the Manganese
Complexes. In addition to electron transfer and oxygen
transfer, hydrogen abstraction is one of the most important
processes in oxidations.4d,20 As reported earlier, the hydrogen
abstraction ability of the manganese(IV) species, including
MnIV−OH and MnIVO moieties, is experimentally limited to
the C−H bond of 80 kcal/mol or less in acetone/water
(4:1).14g Here, in dry acetone in which the functional group of
the manganese(IV) complexes exists as the MnIV−OH moiety
(vide supra), the manganese(IV) species alone demonstrates a
similar hydrogen abstraction ability to that in acetone/water,
that is, it is also incapable of abstracting a hydrogen atom from
diphenyl methane (82 kcal/mol) and ethylbenzene (85 kcal/
mol). However, it was found that adding Al3+ to the synthesized
manganese(IV) complexes could improve the hydrogen
abstraction capability of the MnIV−OH moiety, even though
its efficiency is modest. For example, in the presence of 2 equiv
of the manganese(IV) complexes and Al3+ in relation to
ethylbenzene in dry acetone, stoichiometric hydrogen abstrac-
tion from ethylbenzene provides 2.8 ± 0.1% yield of
acetophenone with 0.8 ± 0.1% yield of 1-phenylethanol at
298 K, whereas the manganese(IV) species alone is definitely
inactive, demonstrating improved hydrogen abstraction capa-
bility in the presence of Lewis acid. The low yields of the
oxidized products from ethylbenzene are due to the fact that
adding Al3+ would reduce the stability of the Mn(IV) species

Figure 5. Hammett plot for oxygenation of triarylphosphines by the
manganeses(IV) complexes (2 mM) with Al(OTf)3 (2 mM) in
acetone at 293 K.
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sharply (see Figure S19, Supporting Information), while the
hydrogen abstraction rate by the Mn(IV)−OH functional
group is very slow.14i In catalytic hydrogen abstraction using
PhIO as oxidant, manganese(II) catalyst plus Al(OTf)3 gives
3.4 ± 0.3% yield of acetophenone with 1.5 ± 0.4% yield of 1-
phenylethanol in 48 h at 298 K, while in the control
experiments, manganese(II) catalyst alone gives 1.9 ± 0.1%
yield of acetophenone with 0.6 ± 0.1% yield of 1-phenylethanol
and Al3+ alone provides 0.7 ± 0.1% and 0.2 ± 0.02% yield of
acetophenone and 1-phenylethanol, respectively. In the absence
of metal ions, PhIO as oxidant alone also gives 0.3 ± 0.02%
yield of acetophenone with 0.1 ± 0.03% yield of 1-
phenylethanol. Under identical catalytic conditions, diphenyl-
methane as substrate gives 5.6 ± 0.1% yield of benzophenone
with 1.3 ± 0.02% yield of diphenylmethanol using manganese-
(II) complexes plus Al3+ as catalyst. Apparently, in comparison
with oxygenation of triphenylphosphine and sulfides through
electron transfer, the acceleration effect of Lewis acid is very
poor in catalytic hydrogen abstraction. However, combined
data from stoichiometric and catalytic oxidations still support
the fact that adding Lewis acid may promote the thermody-
namic driving force of the MnIV−OH moiety, for example, to
facilitate its hydrogen abstraction from ethylbenzene having a
BDECH value of 85 kcal/mol, whereas it is experimentally
limited to 80 kcal/mol for the MnIV−OH moiety alone.
Certainly, compared with the corresponding active metal oxo

moiety, i.e. Mn+O, the redox metal hydroxo moiety generally
demonstrates a relatively low rate in hydrogen abstraction. For
example, the MnIVO moiety in this MnIV(Me2EBC) complex
demonstrates above 40-fold faster rate than the corresponding
MnIV−OH moiety, while their thermodynamic driving forces in
hydrogen abstraction are very similar (84.3 vs 83.0 kcal/
mol).14i In addition, Fujii found that the MnIVO moiety in
the MnIV(Salen) complexes demonstrates more than 1000-fold
faster rate than the corresponding MnIV−OH in hydrogen
abstraction from substituted phenols with very similar oxidizing
power (84.2 vs 83.1 kcal/mol), and Que also reported that the
FeIVO group in FeIV(β-BPMCN) complexes abstracts
hydrogen atom by 100-fold faster than does the corresponding
FeIV−OH.21 Notably, Fukuzumi and Nam recently observed
that, in contrast to electron transfer, the MnIV(N4Py)(O)
complex itself demonstrates about 180-fold faster rate than the
MnIV(N4Py)O plus Sc3+ in hydrogen abstraction. However, in
FeCl3-promoted cyclohexane oxidation with [OsVI(N)Cl4]

−

catalyst and tert-butylhydroperoxide oxidant, Lau observed
that FeCl3 could sharply accelerate cyclohexane oxidation with
TON up to 7500.9b The proposed key active intermediate is
[Cl4(O)Os

VIIIN→Fe3+] species in which ligation of Fe3+ to
the NOsVIII group in [Cl4(O)Os

VIII(N)] may promote the
oxidizing power of the OsVIIIO functional group. Here,
although adding Al3+ can enhance the thermodynamic driving
force of the manganese(IV) species in hydrogen abstraction,
due to the intrinsic properties of the MnIV−OH moiety, its
hydrogen abstraction rate does not accelerate as remarkably as
that in electron transfer.
Interaction between the Redox-Inactive Metal Ions

and the Manganese(IV) Species. Reaction data from
electron transfer, oxygen transfer, and hydrogen abstraction as
presented above have strongly implied that there exists a
synergic effect between the manganese(IV) species and the
added redox-inactive metal ions in oxidations. Evidence to
display the interaction between the manganese(IV) species and
Al3+ first comes from its UV−vis spectra. As shown in Figure 6,

in dry acetone, the manganese(IV) species has a characteristic
absorbance at λmax = 554 nm with a ε value of 563 M−1 cm−1,
which supports the fact that the manganese(IV) species still
retains two hydroxide ligands as those in previous studies,14k,q

while adding 1 equiv of Al3+ generates a blue shift of the
characteristic manganese(IV) absorbance having λmax at 537 nm
with an enhanced ε value of 734 M−1 cm−1. In the spectrum
titration experiments, it was also observed that successive small
additions of Al3+ to the acetone solution of the manganese(IV)
complexes would cause the continuous blue shift of its
characteristic absorbance, and a saturation behavior could be
observed, implying binding of the Al3+ cation to the
manganese(IV) species (see Figure S1, Supporting Informa-
tion). As described above, in acetone/water (ratio 4:1) there is
no acceleration effect observed for Lewis-acid-promoted sulfide
oxygenation. Here, as shown in Figure 6, in contrast to the
spectrum in dry acetone, the absorbance of the manganese(IV)
species plus Al3+ in acetone/water (4:1) is identical to that of
the manganese(IV) species alone, indicating that there is no
interaction occurring between the Mn(IV) species and Al3+ due
to the solvation effect of water, consistent with the fact that no
acceleration effect was observed in oxygenation. In comple-
mentary experiments, using 1 equiv of NaOTf in place of
Al(OTf)3 yields a similar spectrum with that of the manganese-
(IV) species alone in dry acetone, and adding 3 equiv of NaOTf
does not change the spectrum too much, supporting it being
Al3+ rather than OTf− that interacts with the manganese(IV)
species to cause its obvious blue shift. Similar blue shifts were
also observed by adding other Lewis acids, including Sc3+, Y3+,
Yb3+, Mg2+, and Ca2+, and the strong Lewis acid makes an
obvious blue shift (see Figure S2, Supporting Information).
Therefore, the blue shift of the characteristic absorbance of

the manganese(IV) species with enhanced ε value in Figure 6
apparently suggests that there exists an interaction between the
Mn(IV) species and the Al3+ cation. Unfortunately, attempts to
obtain the X-ray crystal structure of such intermediate failed
due to its instability. Since in neutral to acidic solution the
manganese(IV) complexes would dominantly exist as
manganese(IV) species having two hydroxide ligands,
MnIV(Me2EBC)(OH)2

2+ (see Figure 1b), a plausible style for
their interaction would be that Al3+ binds to the Mn(IV)
species through its MnIV−OH group to form the μ-O-bridged
MnIV−O−Al3+ species. Binding of Al3+with Mn(IV) species was
further supported by EPR experiments (Figure 7). In previous

Figure 6. UV−vis spectra of the manganese(IV) complexes (1 mM) in
dry acetone (a, black), manganese(IV) complexes (1 mM) plus
Al(OTf)3 (1 mM) in dry acetone (b, red), and manganese(IV)
complexes (1 mM) plus Al(OTf)3 (1 mM) in acetone/water (4:1) (c,
green).
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studies, MnIV(Me2EBC)(OH)2
2+ alone has the characteristic

signals of the monomeric manganese(IV) species with g values
of 3.41 and 1.96 at 77 K.14f Here, at 160 K, it demonstrates two
EPR signals at 3.63 and 2.01, very similar to those at 77 K.
Adding 1 equiv of Al3+, which has I = 5/2, causes the g signal at
2.01 of the manganese(IV) species converted into a hyperfine
6-line signal, clearly indicating formation of the Mn(IV)−O−
Al3+ unit.25 Binding of the Al3+ cation to the manganese(IV)
species may increase its overall positive net charge, thus causing
the blue shift of the characteristic absorbance, and as a result
reflected in reactivity, the electron transfer rate has been greatly
accelerated. The similar charge-promoted electron transfer has
also been observed in oxygenation of triphenylphosphine by
protonation of the MnIV(Me2EBC)(OH)2

2+ species to generate
MnIV(Me2EBC)(OH)(OH2)

3+.14k Also, linkages of Zn2+ to
(TPB8Cz)MnVO and Sc3+ to FeIV(N4Py)(O) all enhanced
their abilities in electron transfer as reported in the
literature.10,12 Intrinsically, binding of Lewis acid to the redox
metal oxo functional group generates a similar effect as that
through protonation, that is, both protocols increase the overall
net charge of the redox metal ion with the increase of its redox
potential, thus accelerating its electron transfer rate.
The influences of the Sc3+ and Al3+ ions on the redox

potential of the manganese(IV) species are illustrated in Figure
8. In dry acetone without Lewis acid, the redox potential of the
MnIV/MnIII couple is +0.47 V (vs SCE), while in the presence
of 4 equiv of Sc3+, it shifts 0.25 V to the positive direction (from
+0.47 V to +0.72 V (vs SCE)), corresponding to 55.6-fold rate
enhancement in oxygenation with a k2 value of (8.9 ± 0.27) ×
10−2 M−1 s−1. According to the Marcus cross relation, a

difference of 0.25 V in potential could predict a 130-fold rate
difference in other things being equal.26,27 Here, the
experimentally observed 55.6-fold rate enhancement represents
a significant portion of the factor of 130 predicted. The peak
separation becoming large upon adding Lewis acid can be
attributed to the reversibility of the Mn(IV)/Mn(III) couple
turning worse. In the case of Al3+, due to its possible influence
on the electrode surface, the reversibility of the MnIV/MnIII

couple is not good upon adding Al(OTf)3 and adding more
Al3+ would make the reversibility even worse; however, it still
reveals a positive shift of its potential. For example, in the
presence of only 0.4 equiv of Al3+ ion, its cathodic peak has
shifted to +0.50 V (vs SCE), while without Lewis acid added it
is +0.47 V (vs SCE). In the literature, Fukuzumi even observed
a potential shift of FeIV(N4Py)(O) by +0.84 V to the positive
direction from +0.51 to +1.35 V by adding Sc3+, and
significantly, its stoichiometric thioanisole oxidation demon-
strates above 108-fold acceleration enhancement in the
presence of 100 equiv of Sc3+.10a

In particular, it is worth noting that adding Ca2+ can
accelerate the oxygenation rate of the manganese(IV) species as
well as other redox-inactive metal ions. In nature, Ca2+ has
special biological importance. In the water oxidation center of
Photosystem II it contains a Mn4O5Ca diamond cluster as the
key unit for oxygen evolution.28 Although the oxygen evolution
mechanism has been partially elucidated, the role of Ca2+ still
remains elusive.29 On the basis of the artificial [Mn4O4]

6+ and
[Mn3CaO4]

6+ models, Agepie suggests that the presence of
Ca2+ in the cubane may modulate the redox potential of the
manganese moieties, thus facilitating access of the high
oxidation state (+4) of the manganese for efficient oxygen
evolution.30 In the presence of Ca2+, Borovik also found that it
may accelerate dioxygen reduction by their Mn(II) com-
plexes.13 Here, we also observed that the presence of Ca2+ may
accelerate the oxygenation rate of the manganese(IV) species
through electron transfer. For example, adding 1 equiv of Ca2+

may accelerate the electron transfer by 4.2-fold, which predicts
a difference of 74 mV in potential according to the Marcus
cross relation with other things being equal.26,27 These findings
may provide new clues for understanding the role of Ca2+ in the
water oxidation process in Photosystem II, for example,
accelerating the electron transfer rate in oxygen evolution as
well as its role revealed here.

■ CONCLUSIONS

Using well-studied manganese complexes having cross-bridged
cyclam ligand, this work investigated the influences of the
redox-inactive metal ions on the oxidative reactivities of the
redox metal ions in electron transfer, oxygen transfer, and

Figure 7. EPR spectra of (a) the manganese(IV) complexes and (b) the manganese(IV) complexes plus (Al(OTf)3 in dry acetonitrile at 160 K.

Figure 8. Cyclic voltammograms of the manganese(IV) complexes in
the absence/presence of Lewis acid. Conditions: solvent dry
acetonitrile, manganese(IV) complexes 2 mM, tetrabutylammonium
perchlorate 0.1 M, (a) no additives, (b) Al(OTf)3 0.8 mM, (c)
Sc(OTf)3, 8 mM, under nitrogen.
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hydrogen abstraction. Available data reveal that adding redox-
inactive metal ions would greatly accelerate the electron
transfer rate of the manganese(IV) complexes in sulfoxidations
and triphenylphosphine oxygenation, and its ability in electron
transfer was also promoted as well. Similar accelerations have
also been found in catalytic sulfide oxidations with the
corresponding manganese(II) complexes as catalyst and PhIO
as oxidant. Significantly, the improved efficiency in electron
transfer is highly dependent on the Lewis-acid strength of the
added metal ions. Compared with those in electron transfer,
oxygen transfer and hydrogen abstraction efficiencies of the
manganese complexes in stoichiometric and/or catalytic
oxidations are just slightly improved by adding redox-inactive
metal ions. However, the thermodynamic driving force of the
manganese(IV) species in hydrogen abstraction has been
obviously promoted. The improved oxidizing capability of the
manganese(IV) species has been attributed to its interaction
with the added redox-inactive metal ions through the plausible
MnIV−O−Al3+ bridge, which increases the overall net charge of
the manganese(IV) species, thus increasing its redox potential.
The comprehensive study demonstrated here on the influences
of the redox-inactive metal ions on the stoichiometric and
catalytic oxidations of these manganese complexes may provide
new clues to the best understanding of their roles in versatile
biological and chemical oxidations and benefit the rational
design of novel oxidation catalysts.
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