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ABSTRACT: Redox-inactive metal ions play pivotal roles
in regulating the reactivities of high-valent metal−oxo
species in a variety of enzymatic and chemical reactions. A
mononuclear non-heme Mn(IV)−oxo complex bearing a
pentadentate N5 ligand has been synthesized and used in
the synthesis of a Mn(IV)−oxo complex binding scandium
ions. The Mn(IV)−oxo complexes were characterized with
various spectroscopic methods. The reactivities of the
Mn(IV)−oxo complex are markedly influenced by binding
of Sc3+ ions in oxidation reactions, such as a ∼2200-fold
increase in the rate of oxidation of thioanisole (i.e., oxygen
atom transfer) but a ∼180-fold decrease in the rate of C−
H bond activation of 1,4-cyclohexadiene (i.e., hydrogen
atom transfer). The present results provide the first
example of a non-heme Mn(IV)−oxo complex binding
redox-inactive metal ions that shows a contrasting effect of
the redox-inactive metal ions on the reactivities of metal−
oxo species in the oxygen atom transfer and hydrogen
atom transfer reactions.

High-valent metal−oxo species have been invoked as key
intermediates in the dioxygen O−O bond-cleavage and

bond-formation reactions by a number of metalloenzymes, such
as heme and non-heme iron oxygenases for the oxidation of
organic substrates and Photosystem II (PS II) for the oxidation
of water.1−3 In biomimetic studies, a number of iron−oxo and
manganese−oxo complexes bearing porphyrin, corrole, corro-
lazine, and non-porphyrin ligands have been synthesized and
characterized with various spectroscopic techniques and X-ray
crystallography.4 Their reactivities have also been investigated
in a variety of oxygen atom transfer (OAT), hydrogen atom
transfer (HAT), and electron transfer (ET) reactions.4

Metal ions that function as Lewis acids play pivotal roles in
tuning the reactivities of metal−oxo complexes in a variety of
chemical transformations, such as OAT and ET reactions.5 It is
widely accepted that in PS II, a redox-inactive Ca2+ ion acts as
an essential cofactor for the oxidation of water to evolve
dioxygen at the manganese−calcium (Mn4CaO5) active site.6

Although the exact functional role of the Ca2+ ion remains
elusive, it has been proposed that the presence of a redox-

inactive Ca2+ ion facilitates the O−O bond-formation step by a
presumed Mn(V)−oxo species.7

We recently reported the first crystal structure of a non-heme
Fe(IV)−oxo complex binding a Sc3+ ion.8 We also showed that
the rates of OAT and ET reactions of non-heme Fe(IV)−oxo
complexes are markedly increased upon addition of redox-
inactive metal ions.9 More recently, Goldberg and co-workers
reported the influence of a redox-inactive Zn2+ ion on a valence
tautomerization of a Mn(V)−oxo corrolazine complex and its
enhanced ET and HAT reactivity.10 As part of our ongoing
efforts to understand the effects of redox-inactive metal ions on
the reactivities of metal−oxo species, we synthesized,
characterized, and investigated the reactivities of a non-heme
Mn(IV)−oxo complex and its Sc3+ ion-binding species (Figure
1). Here we report the first spectroscopic evidence for the
binding of Sc3+ ions by a mononuclear non-heme Mn(IV)−oxo
complex and the contrasting effect of metal ions on the OAT
and HAT reactions of the Sc3+ ion-binding Mn(IV)−oxo
complex.
The starting manganese complex, [MnII(N4Py)(CF3SO3)]

+

(1) [N4Py = N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)-
methylamine; Figure 1d], was synthesized and characterized
with electrospray ionization mass spectrometry (ESI-MS),
electron paramagnetic resonance (EPR) spectroscopy, and X-
ray crystallography [see the Experimental Section, Figures S1
and S2, and Tables S1 and S2 in the Supporting Information
(SI)]. Addition of 4 equiv iodosylbenzene (PhIO) to a solution
of 1 (1 mM) in CF3CH2OH at 25 °C afforded a greenish-
yellow complex, 2, with an absorption band at 940 nm (ε ≈ 250
M−1 cm−1) (Figure 2). The metastable intermediate (t1/2 ≈ 2 h
at 25 °C) was characterized with various spectroscopic
techniques. The X-band EPR spectrum of 2 shows signals
that are characteristic of S = 3/2 MnIV (Figure S3),11 and the S
= 3/2 spin state of 2 was confirmed using the modified NMR
method of Evans (Experimental Section).12 The ESI-MS
spectrum of 2 exhibits a prominent ion peak at m/z 587.0
(Figure S4) whose mass and isotope distribution patterns
correspond to [MnIV(O)(N4Py)(CF3SO3)]

+ (calcd m/z
587.1). Upon introduction of 18O into 2 using PhI18O, a
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mass shift from m/z 587.0 to 589.0 was observed (Figure S4),
indicating that 2 contains an oxygen atom.
Comparison of the X-ray absorption near-edge structure

(XANES) at the Mn K-edges for 1 and 2 demonstrates a large
shift to higher energy for 2, confirming its MnIV oxidation state
(Figure 3a).11 Extended X-ray absorption fine structure
(EXAFS) shows that the first peak corresponding to Mn−
O,N interactions in the first coordination sphere is shifted to a
shorter apparent distance in 2 relative to 1. This change can be
rationalized as shortening of the Mn−O,N bond distances in 2,
and fits to the EXAFS data indicate the presence of a 1.70 Å
MnO interaction as well as shortening of the Mn−N
distance [Table S3; also see the 1.67 Å Mn−O distance from
density functional theory (DFT) calculations in Figure 1a].11,13

On the basis of the spectroscopic characterization presented

above, 2 is assigned as the mononuclear Mn(IV)−oxo complex
[MnIV(O)(N4Py)]2+ (Figure 1a).
Addition of Sc3+ ions to the solution of 2 resulted in a

stepwise change in the absorption spectrum (Figure 2 and
Figure S5a). The absorption band at 940 nm due to 2 changed
to a new absorption band at 680 nm with a well-defined
isosbestic point at 817 nm upon the addition of up to 1 equiv of
Sc3+ (Figure 2 and Figure S5b). Further addition of Sc3+ ions
(up to ∼5 equiv of Sc3+) to the resulting solution moved the
absorption band from 680 to 635 nm (Figure 2 and Figure
S5b). Such spectral changes of 2 upon addition of Sc3+ ions
suggest that a Mn(IV)−oxo complex with one bound Sc3+ ion
(3) is produced initially (eq 1) and then is converted to a
Mn(IV)−oxo complex with two bound Sc3+ ions (4) (eq 2).
The equilibrium constant K2 for binding of the second Sc3+ ion
to give 4 was determined from the titration experiment to be
6.1 × 103 M−1 (Figure S5b); K1 for binding of the first Sc

3+ ion
to give 3 was too large to be determined accurately (K1 ≫ 104

M−1).
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The highly stable intermediates 3 (t1/2 ≈ 12 h at 25 °C) and
4 (t1/2 ≈ 1 day at 25 °C) were characterized with various
spectroscopic techniques. The EPR spectra of 3 and 4 (Figure
S3), along with the Evans NMR method (see the Experimental

Figure 1. (a−c) DFT-optimized structures of (a) [MnIV(O)(N4Py)]2+

(2), (b) [MnIV(O)(N4Py)−Sc(CF3SO3)3]
2+ (3), and (c) [MnIV(O)-

(N4Py)−Sc(CF3SO3)3−Sc(CF3SO3)3]
2+ (4), calculated at the

B3LYP/LACVP level in the solvent phase. The Mn−O bond lengths
of 2, 3, and 4 were calculated to be 1.67, 1.74, and 1.74 Å, respectively
(see the DFT Calculations Section in the SI for computational details).
H atoms in N4Py and F atoms in the CF3SO3

− counterions have been
omitted for clarity (Mn, green; N, blue; O, red; C, black; Sc,
aquamarine; S, yellow). (d) Structure of the N4Py ligand.

Figure 2. UV−vis spectra of [MnII(N4Py)(CF3SO3)]
+ (1) (black line;

1.0 mM), [MnIV(O)(N4Py)]2+ (2) (red line; addition of 4 equiv PhIO
to 1), [MnIV(O)(N4Py)]2+−Sc3+ (3) (green line; addition of 1 equiv
of Sc3+ to 2), and [MnIV(O)(N4Py)]2+−2Sc3+ (4) (blue line; addition
of 5 equiv of Sc3+ to 3) in CF3CH2OH at 25 °C.

Figure 3. (a) Normalized Mn K-edge XANES of 1 (black), 2 (red),
and 4 (blue). The inset shows magnified pre-edge features. (b)
Overlay of the Fourier transforms (k = 3.5−11.3 Å−1) of the EXAFS
data for 1 (black), 2 (red), and 4 (blue). The inset shows k-space data
for 2 and 4. (Fits are shown in Table S3 and Figure S8.)
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Section),12 indicate the MnIV spin state to be S = 3/2.
11 The

ESI-MS spectrum of 3 exhibits ion peaks at m/z 1028.9 and
1078.9 that shift to 1030.9 and 1080.9 upon use of PhI18O
(Figure S6), suggesting that 3 contains one oxygen atom and
binds one Sc3+ ion (Figure 1b). The ESI-MS spectrum of 4
exhibits ion peaks at m/z 1028.9, 1078.9, 1520.6, and 1570.5
(Figure S7); the latter two peaks correspond to [MnIV(O)-
(N4Py)]2+ with two Sc3+ ions. Upon introduction of 18O into 4
using PhI18O, a shift of m/z 2 in the ion peaks was observed
(Figure S7b), indicating that 4 contains one oxygen atom
(Figure 1c).
4 was further characterized with XANES/EXAFS. The

binding of Sc3+ to form 4 does not change the position of
the Mn K-edge (Figure 3a), confirming an unchanged MnIV

oxidation state, as shown in the EPR results (Figure S3).
However, the pre-edge intensity is slightly lower in 4 relative to
2 (see the Figure 3a inset), indicating differences in the
electronic structure due to Sc3+ binding. Because 1s → 3d
transitions are dipole-forbidden, the pre-edge intensity arises
mostly from quadrupole transitions and transitions to orbitals
with mixed Mn 3d and ligand 2p character. The decreased pre-
edge intensity in 4 suggests that Sc3+ binding decreases the
mixing of Mn 3d and O 2p orbitals. EXAFS analysis did not
show elongation of the Mn−O distance in 4 (Table S3), likely
because the small distance change is within the resolution of
our measurements. The EXAFS data in Figure 3b show the
presence of an additional peak for 4. This peak was assigned to
a Mn−Sc distance of 3.5 Å, as was confirmed by the fits in
Table S3. The EXAFS fit quality was better for the model with
one Mn−Sc interaction (Figure S8). DFT calculations support
similar geometries around the Mn center in 3 and 4 (Table S6),
suggesting one direct Mn−Sc interaction. As shown in the
DFT-optimized structures (Figure 1b,c), there is one direct
bond between a Sc3+ ion and the Mn−O moiety in 3 and 4.14

In addition, the Mn−Sc distances in 3 and 4 were calculated to
be 3.65 and 3.66 Å, respectively, which are in good agreement
with the EXAFS results (vide supra). On the basis of the
spectroscopic characterization discussed above, 3 is proposed to
have one Sc3+ ion directly bound to the [MnIV(O)(N4Py)]2+

complex (Figure 1b); likewise, 4, which contains two Sc3+ ions,
has one Sc3+ ion bound directly to the Mn−oxo moiety, with
the other Sc3+ ion located in the secondary coordination sphere
(Figure 1c).14

We then compared the reactivities of 2, 3, and 4 in OAT and
HAT reactions. The reactivities of the Mn(IV)−oxo complexes
were first investigated kinetically in OAT, such as the oxidation
of thioanisole. Upon addition of thioanisole to solutions of 2, 3,
and 4, the intermediates reverted back to the starting Mn(II)
complex, with 4 being much more reactive than 2 [Figure 4; see
Figures S9 and S10 for EPR and ESI-MS spectra, respectively,

for the Mn(II) product formation].15 The conversion of
Mn(IV)−oxo to Mn(II) species indicates that the oxidation of
sulfide by the Mn(IV)−oxo complexes occurs via a two-
electron oxidation process.11 Product analysis of the reaction
solutions revealed the formation of methyl phenyl sulfoxide in
quantitative yield. The second-order rate constants determined
in the reactions of 2 and 4 were 9.2 × 10−3 and 2.0 × 101 M−1

s−1, respectively, at 0 °C (Figure S11),15 demonstrating that the
reactivity of the Mn(IV)−oxo complex in the OAT reaction is
markedly enhanced by binding of Sc3+ ions (i.e., ∼2200-fold
increase in reactivity). The high reactivity of the Mn(IV)−oxo
species with bound Sc3+ ions was also observed in the reactions
of para-substituted thioanisoles, and ρ values of −4.6 and −5.6
were obtained for the reactions of 2 and 4, respectively (Table
S4 and Figure S12). In addition, plots of log k versus the one-
electron oxidation potentials of thioanisoles afforded a good
linear correlation (Table S4 and Figure S13).
The reactivities of 2, 3, and 4 were also investigated

kinetically in HAT, such as the C−H bond activation of 1,4-
cyclohexadiene (CHD). Addition of CHD to solutions of 2, 3,
and 4 afforded a Mn(III) species with the reactivity order 2 > 3
> 4 and with isosbestic points at 400 and 715 nm for 2, 433 and
575 nm for 3, and 450 and 525 nm for 4 [Figure 5; see Figures

S9 and S10 for EPR and ESI-MS spectra, respectively, for the
Mn(III) product formation]; we recently reported experimental
and theoretical results for the formation of Mn(III) products in
the C−H bond activation of alkanes by non-heme Mn(IV)−
oxo complexes.11,13 Product analysis of the reaction solutions of
2−4 revealed the formation of benzene as the sole product, as
observed in the oxidation of CHD by other metal−oxo
complexes.16 The second-order rate constants determined in
the reactions of 2−4 were 6.2, 1.2, and 3.5 × 10−2 M−1 s−1,
respectively, at 25 °C (Figure S14), indicating that the reactivity
of the Mn(IV)−oxo complex was diminished by factors of ∼5
and ∼180 upon binding of one and two Sc3+ ions, respectively.
These results are in sharp contrast to those for the OAT
reaction, in which the binding of Sc3+ ions markedly increased
the reactivity of the Mn(IV)−oxo species (vide supra). In
addition, such a significant deceleration in the rate of C−H
bond activation by the Sc3+-binding Mn(IV)−oxo complex ions
is different from the results reported for HAT reactions

Figure 4. UV−vis spectral changes for (a) 2 (1.0 mM) and (b) 4 (1.0
mM) upon addition of thioanisole (0.10 M) at 0 °C. The insets show
the time traces monitored at (a) 940 nm for 2 and (b) 635 nm for 4.

Figure 5. (a−c) UV−vis spectral changes for (a) 2, (b) 3, and (c) 4
(each 1.0 mM) upon addition of CHD (20 mM) at 25 °C. (d) Time
traces monitored at 940 nm for 2 (red ○), 680 nm for 3 (green ▲),
and 635 nm for 4 (blue ▲). The inset shows the time trace for 4 for
longer times.
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involving a Zn2+-binding Mn(IV)−oxo complex10 and a Sc3+-
binding [FeIV(O)(N4Py)]2+ complex.17

The contrasting effects of Sc3+ ion binding observed in the
OAT and HAT reactions by Mn(IV)−oxo species might be
explained by the difference in their reaction mechanisms. In the
case of OAT, ET from the thioanisole to 4, which may be the
rate-determining step, is followed by a fast OAT step, as shown
in Sc3+-promoted OAT reactions by [FeIV(O)(N4Py)]2+.9 The
proposed ET pathway is supported by the good linear
correlation between the reaction rate constants and the Eox
values for the para-substituted thioanisoles (Figure S13).9b,18

Such an ET pathway requires only a little interaction between 4
and the thioanisole, which is rather insensitive to the steric
effect caused by the Sc3+ ions bound to the Mn−oxo moiety. In
contrast, the HAT reaction requires significant interaction in
the substrate C−H bond activation by the Mn−oxo moiety in 3
or 4, which would be hindered by the Sc3+ ions bound to the
Mn−oxo moiety (see Figure 1).
In summary, we have reported the synthesis, characterization,

and reactivity of mononuclear non-heme Mn(IV)−oxo
complexes binding Sc3+ ions and the contrasting effect of the
bound metal ion on the reactivities of the Mn(IV)−oxo species
in OAT and HAT reactions. The increased reactivity in OAT is
rationalized by the involvement of an ET pathway, whereas the
decreased reactivity in HAT is interpreted in terms of the steric
hindrance caused by the Sc3+ ions bound to the Mn−oxo
moiety. The present results provide an example demonstrating
a diverse effects of a redox-inactive metal ion on the reactivities
of high-valent metal−oxo species in oxidation reactions.
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