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Manganese(I1I) peroxo complexes are postulated as reactive
intermediates in the reactions of Mn-containing enzymes such
as manganese superoxide dismutase (Mn-SOD), catalase, and
the oxygen-evolving complex (OEC) of photosystem IL!" In
biomimetic studies, a number of manganese(III)-O, com-
plexes have been synthesized and characterized with various
spectroscopic techniques.”! X-ray crystal structures of heme
and nonheme Mn'"'—peroxo complexes were also reported,
such as a side-on peroxo manganese(III) porphyrin complex
[Mn'(TPP)(O,)]” (TPP = meso-tetraphenylporphyrin)®! and
two monomeric side-on peroxo manganese(III) complexes
bearing nonheme ligands.”*¥ The manganese(IIT)-peroxo
complexes have shown reactivity in oxidative nucleophilic
reactions with substrates such as acyl halides, aldehydes, and
electron-deficient olefins.”**3

Axial ligands play key roles in dioxygen activation by
metalloenzymes and model compounds.! For example,
reactivities of high-valent iron-oxo intermediates in heme
enzymes and iron porphyrin models are markedly affected by
axial ligands frans to the iron-oxo group in electrophilic
oxidation reactions.””! Very recently, the axial ligand effect was
also demonstrated in electrophilic oxidation reactions by
nonheme iron(IV) and ruthenium(IV) oxo complexes.” In
contrast, the axial ligand effect has rarely been investigated in
oxidative nucleophilic reactions of metal peroxo complexes.”!
Herein, we report the synthesis and X-ray crystal structure of
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a manganese(III)-peroxo complex bearing a 13-membered
macrocyclic ligand, [Mn™(13-TMC)(0,)]* (1; 13-TMC=
1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclotridecane). The X-
ray crystal structure of 1 shows the binding of a peroxo ligand
in a side-on n® fashion. We also report for the first time a
remarkable axial ligand effect on the reactivity of the Mn"'-
peroxo complex in oxidative nucleophilic reactions.

Addition of five equivalents H,0O, to a solution containing
[Mn(13-TMC)](CF;SO3), and 2.5 equivalents triethylamine
(TEA) in CH;CN at 10°C afforded a green intermediate 1
with absorption bands at 288 (e=2440M 'cm™), 452 (e =
390M~'em™), and 615 nm (e =190M~'cm™'; see the Support-
ing Information, Figure S1a). The intermediate persisted for
several days at 25°C. The electrospray ionization mass
spectrum (ESI-MS) of 1 exhibits a prominent ion peak at a
mass-to-charge ratio (m/z) of 329.1 (Supporting Information,
Figure S1b), whose mass and isotope distribution pattern
correspond to [Mn(13-TMC)(O,)]* (calculated m/z 329.2).
When the reaction was carried out with isotopically labeled
H,"®0,, a mass peak corresponding to [Mn(13-TMC)(**0,)]"
appeared at m/z 333.1. The shift of four mass units upon the
substitution of *O with 80 indicates that 1 contains an O,
unit. The X-band EPR spectrum of 1 is silent, suggesting that
1 is either a high-spin (S=2) or intermediate-spin (S=1) d*
species. The spin state of 1in CH;CN solution was determined
using the "H NMR spectroscopy method of Evans,'”) and the
room-temperature magnetic moment of 5.5u5 clearly indi-
cates a high-spin state (S =2) of the Mn™ species.

Green platelike crystals were obtained upon addition of
NaBPh, to a solution of 1 in CH;CN at —40°C, and a
crystallographic analysis of the single crystals clearly estab-
lished that 1 contains a monomeric six-coordinate Mn" cation
with a side-on peroxo ligand, [Mn(13-TMC)(O,)]" (Figure 1;
Supporting Information Figure S2 and Tables S1 and S2). The
O—0 bond of 1.410(4) A is typical for a peroxide ion bound to
a transition-metal ion," but it is slightly longer than that
found in [Mn(14-TMC)(O,)]* (2, 14-TMC=1,4,8,11-tetra-
methyl-1,4,8,11-tetraazacyclotetradecane, 1.403 A).[ZC] The
peroxo group is quite symmetrically bound to the manganese
ion in a side-on n? fashion with an average Mn—O bond length
of 1.859 A that is slightly shorter than that in 2 (1.884 A). The
nominally octahedral geometry of the Mn™ ion is very
distorted owing to the triangular MnO, moiety with a small
bite angle of 44.55(11)° (Supporting Information, Figure S2).
All four N-methyl groups of the 13-TMC ligand point toward
the peroxo ligand, as observed in the structure of 2.
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Figure 1. X-ray structure of the [Mn"'(13-TMC)(O,)]"* cation (1) show-
ing 30% probability thermal ellipsoids. Hydrogen atoms are omitted
for clarity. Selected bond lengths [Al: Mn1-O1 1.863(2), Mn1-02
1.855(2), Mn1-N1 2.191(3), Mn1-N2 2.283(3), Mn1-N3 2.201(3),
Mn1-N4 2.291(3), O1-02 1.410(4).

We then investigated the nucleophilic character of 1 in
aldehyde deformylation. There is precedent for the reaction
of heme and nonheme metal(III) peroxo complexes with
aldehydes to give the corresponding deformylated pro-
ducts.”>*12 Upon addition of cyclohexanecarboxaldehyde
(CCA) to 1in CH;CN, 1 disappeared with a first-order decay
profile (Figure 2a). Pseudo-first-order fitting of the kinetic
data allowed us to determine the rate constant to be k.=
2.0(2) x 10~*s' at 10°C (Figure 2 a, inset). Product analysis of
the resulting solution revealed the formation of cyclohexene
and formate as products, as observed in the aldehyde
deformylation of CCA by metal peroxo complexes including
2.12¢12¢131 The magnitude of the first-order rate constants
increased proportionally with the aldehyde concentration,
leading us to determine a second-order rate constant of
2.0(2)x 1072m~'s™" at 10°C (Figure 2c, blue line). It is worth
noting that the reactivity of 1 is similar to that of 2 (k, =4.0 x
1072m~'s™! at 10°C) in the reaction with CCA under identical
reaction conditions.

Interestingly, addition of NaNj; (1.2 equiv) to the solution
of 1 (0.5 mm) did not change the UV/Vis spectrum much
(Figure 2a,b, blue line), but the intermediate disappeared
rapidly upon the addition of CCA even at a lower temper-
ature (e.g., —10°C; Figure 2b). This result is of interest
because 1 reacted slowly with CCA in the absence of NaN; at
10°C (Figure 2a). We therefore decided to investigate the
effect of axial ligands in nucleophilic reactions with 1-X
bearing different anionic ligands (X=N;" (1-N;), CF;CO,~
(1-OOCCEF;), NCS™ (1-NCS), and CN~ (1-CN)). First, 1-X
was prepared by adding either NaX or Bu,NX to the solution
of 1 (Scheme 1, route a) or by adding NaX or Bu,NX to the
solution of [Mn(13-TMC)](CF;SO;), and subsequently
adding TEA and H,O, to the resulting solution of [Mn"(13-
TMC)(X)]* (Scheme 1, route b). In route b, the binding of X
in [Mn"(13-TMC)(X)]" was confirmed by ESI-MS (Support-
ing Information, Figure S3), but the characterization of 1-X
by ESI-MS failed because the intermediates were neutral.
Although the spectroscopic characterization of 1-X for the
binding of axial ligands was not successful, cyclic voltammet-
ric measurements of 1-X clearly demonstrate the binding of
anionic ligands in the 1-X series. First, the different redox
potentials of the [Mn"(13-TMC)(X)]" complexes confirmed
the binding of anionic ligands (Supporting Information,
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Figure 2. a) UV/Vis spectral changes of 1 (0.5 mm) upon addition of
CCA (180 equiv, 90 mm). Inset shows the time course of the decay of 1
monitored at 288 nm. b) UV/Vis spectral changes of 1-N; (0.5 mwm)
upon addition of CCA (10 equiv, 5 mm) at —10°C. Inset shows the
time course of the decay of 1-N; monitored at 282 nm. c) Plots of kg,
against CCA concentration to determine second-order rate constants
in the reactions of 1 (blue), 1-CN ( ), and 1-NCS (black) at 10°C.
d) Plots of k,, against CCA concentration to determine second-order
rate constants in the reactions of 1-NCS (black), 1-OOCCF; (green),
and 1-N; (red) at —10°C. e) Plot of log k, of 1 and 1-X at 10°C against
E,. values of 1 and 1-X. The k, values of 1-OOCCF; and 1-N; at 10°C
were calculated using the Eyring equation (see the Supporting Infor-
mation, Figure S9 for detailed procedures).

H,0,/TEA

Mn"(13-TMCY(OL]" (1)
route a

Mn"(13-TMC)?*

route blNaX or BuyNX NaX or BuyNX

H,0,/TE

Mn"(13-TMC)(X)I* Z—A» MA"M(13-TMC)(O,)(X)] (1-X)

Scheme 1.

Figures S4 and SS5), as evidenced by the ESI-MS data
(Supporting Information, Figure S3). We then investigated
the electrochemistry of 1 and observed a new oxidative wave
with E,,=095V vs. SCE (E,,=anodic peak potential,
SCE =saturated calomel electrode; Supporting Information,
Figure S5). This wave shifted in the negative direction upon
binding of anionic ligands, affording E,, values 1 (0.95 V) >
1-CN (0.87 V) >1-NCS (0.85V)>1-O0OCCF; (0.82V)>
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1-N; (0.78 V; Supporting Information, Figures S6 and S7).
Furthermore, the wave shifts in the positive direction when
the scan rate is increased (Supporting Information, Fig-
ure S8). Thus, the different E,, values of 1-X clearly indicate
the binding of anionic ligands. Moreover, on the basis of the
observed E,, values, the electron-richness of 1-X is found to
be in the order of 1-N;>1-OOCCF;>1-NCS >1-CN >1,
according to the electron-donating ability of the axial ligands
N;~ > CF;CO, >NCS™ > CN~ > NCCH,.*

The axial ligand effect on the reactivity of 1-X was
investigated in the deformylation of CCA by determining
second-order rate constants of 1 (k, =2.0x 107*m™'s™"), 1-CN
(k,=1.0Mm's™"), and 1-NCS (k,=2.6M's") at 10°C (Fig-
ure 2¢) and 1-NCS (k,=6.7x10"'M 's™"), 1-OOCCF; (k,=
24m's™), and 1-N; (k,=7.1m"'s™") at —10°C (Figure 2d).
As the reactivity studies were performed at two different
temperatures owing to the large reactivity difference within
the 1-X series, the k, values of 1-OOCCF; and 1-N; were
normalized using the Eyring equation (Supporting Informa-
tion, Figure S9) and used to plot reaction rates against the £, ,
values of Mn"'—peroxo complexes (Figure 2¢). The observed
reactivity order of 1-N;>1-OOCCF;>1-NCS>1-CN>1
reflects an increase in the nucleophilicity of the {Mn™O,}
unit upon binding of anionic ligands that make the Mn™"-
peroxo complex more electron-rich, as evidenced by the
cyclic voltammetric data (see above). Furthermore, the
nucleophilic character of the {Mn™O,} unit was confirmed
by carrying out reactions with para-substituted benzaldehydes
bearing a series of electron-donating and -withdrawing
substituents at the para-position of the phenyl group (para-
Y-C¢H,-CHO; Y =OMe, Me, F, H, Cl; Supporting Informa-
tion, Figure S10), and with primary (1°-CHO), secondary
(2°-CHO), and tertiary aldehydes (3°-CHO; Supporting
Information, Figure S11). The observation of a positive p*
value of 2.5 in the Hammett plot (Supporting Information,
Figure S10) and the reactivity order of 1°-CHO > 2°-CHO >
3°-CHO (Supporting Information, Figure S11) are consistent
with a process that depends on the nucleophilic character of
the {Mn™O,} unit in the oxidation of aldehydes. After
completion of the reactions, we have confirmed that the
anionic ligand X remains coordinated to the {Mn"(TMC)}
unit by ESI MS of the resulting solutions (Supporting
Information, Figure S12).

How, then, is the nucleophilicity of the Mn"-peroxo
complex affected by the introduction of anionic axial ligands
trans to the peroxo group? Two factors are considered for the
increased nucleophilicity of 1-X: electronic and structural
effects. First, the electronic effect is that binding of an
electron-donating anionic axial ligand makes the Mn™-
peroxo complex more electron-rich,['¥l resulting in an increase
of the nucleophilicity of the peroxo group. We have shown in
the electrochemical investigation that the binding of anionic
ligands shifts the redox potentials of 1-X negatively (Support-
ing Information, Figure S6), thus indicating that 1-X becomes
more electron-rich by binding anionic axial ligands. We have
also observed a good linear correlation between the E,,
values of 1-X and the reaction rates of CCA oxidation by
the intermediates (Figure 2e), thus demonstrating that the
Mn"—peroxo complexes with more electron-donating axial
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ligands are more reactive in oxidative nucleophilic reactions.
Thus, the reactivity order of 1-N; > 1-OOCCF; > 1-NCS > 1-
CN > 1 follows the electron-richness of 1-N; > 1-OOCCF; >
1-NCS > 1-CN > 1 in nucleophilic reactions.

The structural effect is that binding of an axial ligand trans
to the peroxo group may facilitate the conversion of the side-
on peroxo ligand into an end-on peroxo ligand, thus making it
more nucleophilic (Scheme 2).”! That is, upon binding, the
axial ligand pulls the metal ion down into the coordination
plane of the 13-TMC ligand, as in heme systems (Scheme 2,

O
R-C R)C‘H
2— 2— H 2- o
]P X 0-0 o
Mn'! —T' It/lrﬁ”' P lt/ln'"
B [ |
A X B X
Scheme 2.

A)."! As a consequence, the peroxo group experiences more
repulsive interactions from atoms in the 13-TMC ring,
resulting in the shift of the equilibrium toward the end-on
conformation (Scheme 2, B). Preliminary DFT calculations
on the side-on and end-on Mn™-peroxo complexes indicate
that the peroxo group in the end-on structure has much more
anionic character than that in the side-on structure; the
electron densities at the oxygen atoms in the end-on and side-
on peroxo groups are —0.63 and —0.24, respectively (Sup-
porting Information, Tables S3 and S4 and Figure S13).
Therefore, the oxygen atom in the end-on structure will be
more likely to react by nucleophilic oxidation reactions than
that in the side-on structure.

In conclusion, we have reported the crystal structure of a
nonheme Mn"-peroxo complex in which the peroxo ligand is
bound in a side-on n? fashion. We have also shown that the
nucleophilicity of the Mn™-peroxo complex is markedly
increased by the introduction of anionic axial ligands trans to
the peroxo group. The increased nucleophilicity is interpreted
by considering the electronic and structural changes of the
Mn"—peroxo complex upon binding axial ligands, such as the
increased electron-richness and a change from a side-on to an
end-on conformation of the peroxo group.
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