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The chemistry of metal-O, complexes has attracted much
interest in the biological and bioinorganic chemistry com-
munities, as such species are generated as key intermediates
in the activation of dioxygen by metalloenzymes and corre-
sponding model compounds.'! In biomimetic studies, a
number of metal-O, adducts have been synthesized and
characterized with various spectroscopic methods, and their
reactivities in the oxidation of organic substrates have been
extensively investigated.”) For example, peroxidoiron(III)
complexes with heme and non-heme ligands have been
synthesized as chemical models of cytochrome P450 aroma-
tase and Rieske dioxygenases, and their reactivities have been
demonstrated in various nucleophilic reactions, such as
aldehyde deformylation.** Peroxidocopper(III) and -nickel-
(III) complexes have been synthesized and characterized
recently, but their reactivities have not been well established
in oxidative nucleophilic reactions of organic substrates.?®*!

Peroxidomanganese(III) complexes are also invoked as
reactive intermediates in the reactions of Mn-containing
enzymes, such as manganese superoxide dismutase, catalase,
and the oxygen-evolving complex of photosystem ILP! In
biomimetic studies, a number of Mn-peroxido complexes
have been synthesized and characterized with a variety of
spectroscopic methods including X-ray crystallography. A
notable example is the first X-ray crystal structure of a side-on
peroxido manganese(IIl) porphyrin complex ([Mn'-
(tpp)(O,)]7; tpp = meso-tetraphenylporphyrin), reported by
Valentine and co-workers.”) The second crystal structure of a
monomeric side-on peroxido manganese(III) complex bear-
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ing a non-porphyrinic ligand was reported by Kitajima et al.*
However, reactivities of the peroxidomanganese(III) com-
plexes have been rarely investigated in oxidation reactions. In
the present work, we synthesized a peroxidomanganese(IIT)
complex bearing a macrocyclic tetradentate N, ligand, [Mn"!-
(tme)(Oy)]" (1; tmc=1,4,8,11-tetramethyl-1,4,8,11-tetraaza-
cyclotetradecane). The X-ray crystal structure of 1 shows the
binding of a peroxido ligand in a side-on 1> fashion. We have
also demonstrated that 1 is capable of conducting aldehyde
deformylation by a nucleophilic reaction in which cyclo-
hexanecarboxaldehyde is deformylated to give cyclohexene
as a sole product.

Addition of 5 equivalents of H,O, to a solution containing
[Mn(tmc)(CF;S0s5),] and triethylamine (TEA; 2.5 equiv) in
CH;CN at 25°C afforded a green intermediate 1 with
absorption bands at 453 nm (¢=490M'cm™) and 630 nm
(e=120M"'cm™'; Figure 1a, see the Supporting Information
for experimental details). The intermediate persisted for
several hours (¢,,~5 h) 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 343.1 (Figure 1b) whose
mass and isotope distribution pattern corresponds to [Mn-
(tmc)(0,)]* (calculated m/z 343.2; Figure 1b, inset). When
the reaction was carried out with isotopically labeled H,'*O,,
a mass peak corresponding to [Mn(tmc)(**O,)]" appeared at
m/z 347.1 (calculated m/z 347.2; Figure 1b, inset). The 4-
mass-unit increase upon the substitution of 'O with *O
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Figure 1. a) UV/Vis spectra of [Mn(tmc)]*" (blue) and 1 (red). b) ESI
mass spectrum of 1. Insets show the observed isotope distribution
patterns for [Mn(tmc) ("*0,)]" (left) and [Mn(tmc) (®0,)]" (right).
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indicates that 1 contains an O, unit. The X-band EPR
spectrum of the starting [Mn(tmc)]*" complex exhibits an
intense six-line hyperfine signal at g =2.0 (see the Supporting
Information), which is a typical EPR signal for a high-spin
(S=5/2) Mn" species.”) In contrast, 1 is EPR-silent (see the
Supporting Information), which suggests that 1 is either a
high-spin (S =2) or low-spin (S =1) d* species. The spin state
of 1 in CH;CN was then determined by using the 'H NMR
spectroscopic method of Evans;'” the room-temperature
magnetic moment of 5.4 ug clearly indicates a high-spin state
(S =2) of the Mn"" species. Taken together, the spectroscopic
data provide strong evidence that the intermediate 1,
generated in the reaction of [Mn(tmc)]** and H,O, in the
presence of base, is a high-spin Mn'" complex bearing an O,
ligand, namely [Mn"!(tmc)(O,)]*.l*12!

The greater thermal stability of 1 allowed the isolation of
single crystals suitable for X-ray crystal structural analysis.
Green platelike crystals were obtained upon addition of
diethyl ether to a solution of 1 derived from the reaction of
[Mn(tmc)(CF;S0s),] and H,0, in the presence of TEA in
CH;CN at —20°C (50% yield), and the crystallographic
analysis of the single crystals clearly establishes that 1
contains a monomeric six-coordinate side-on peroxido Mn™
cation ([Mn(tmc)(O,)]") with space group C2/c (Figure 2a;
see the Supporting Information for crystallographic data).
The O—O bond length of 1.403(4) A is typical for a peroxide
ion bound to a transition-metal ion, but is slightly shorter than
those found in [Mn(tpp)(n*-O,)]~ (O—O bond length of
1.43A) and [Mn(Tp™)(3,5-PrpzH)(n*-0,)] (O—O bond

Figure 2. a) Structure of [Mn"'(tmc) (O,)]" (1). b) View of the distorted
octahedral Mn(N,O,) moiety. c) Side view (space-filling representation)
derived from the crystal structure determination. Selected bond
lengths: Mn—01 1.884(2), Mn—N1 2.215(2), Mn—N2 2.315(2), o1-or
1.403(4) A. Symmetry operation: i (—x+1,y, —z+1.5).
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length of 1.421 A; Tp™ = hydrotris(3,5-diisopropyl-1-pyrazo-
lyl)borate; 3,5-Pr,pzH = 3,5-diisopropylpyrazolyl)."*! The
peroxido ligand is symmetrically bound to a manganese ion
in a side-on > fashion with an Mn—O bond length of
1.884(2) A. The four N atoms of the tmc ligand coordinate to
the metal center, and the average Mn—N bond length is
2.265(4) A, which is in good agreement with those of other
monomeric peroxido Mn" complexes."®! The geometry
around the Mn" ion is a very distorted octahedral in which
the O1/0O1//N1/N1’ plane bisects the tmc ligand (Figure 2b).
All four N-methyl groups of the tmc ligand point toward the
peroxido ligand,™ which is different from the situation in
[Fe(tmc)(O)]**.¥ In the latter case, the four N-methyl
groups point away from the oxido ligand. The high thermal
stability of 1 is ascribed to the fact that the peroxido ligand is
placed in the pocket of the four methyl groups so that the
access of external substrates to the peroxido group is
restricted (Figure 2c¢).

The reactivity of 1 was then investigated in electrophilic
and nucleophilic reactions (see the Supporting Information
for experimental conditions). First, the electrophilic character
of 1 was tested in the oxidation of PPh;, thioanisole, and
cyclooctene. Upon addition of the substrates to the reaction
solution of 1 in CH;CN at 25°C, the intermediate remained
intact and showed no absorption spectral changes; analysis of
the reaction solutions revealed that no oxygenated products
were formed in the reactions. These results demonstrate that
peroxidomanganese(III) species are not capable of conduct-
ing electrophilic two-electron oxidation reactions under our
conditions. The nucleophilic character of 1 was then inves-
tigated in aldehyde deformylation, as it was known that
peroxidoiron(III) complexes of heme and non-heme ligands
react with aldehydes to give the corresponding deformylated
products.”) Upon addition of cyclohexanecarboxaldehyde
(CCA) to 1 dissolved in CH;CN at 0°C, 1 disappeared with
a first-order decay profile (Figure 3a). Fitting of the kinetic
data to a pseudo-first-order rate equation allowed us to
determine the k, value to be 2.2(2)x10%s™! (Figure 3a,
inset). Interestingly, analysis of the resulting solution revealed
the formation of cyclohexene and formate as products (55 %
based on 1 used; Scheme 1), thus demonstrating that
peroxidomanganese(III) species are capable of conducting
aldehyde deformylation by attacking the carbonyl group in a
nucleophilic reaction.” The formation of cyclohexene was not
observed in the absence of the manganese complex. The
pseudo-first-order rate constants increased proportionally
with the aldehyde concentration, thus leading us to determine
a second-order rate constant of 3.2(2)x107'm~!s™! (Fig-
ure 3b). By determining the first-order-rate constants for
the deformylation of CCA by 1 between 263 and 278 K, we
were able to calculate activation parameters of AH” =
18(1) kJmol™" and AS”=-200(10) Jmol™'K™" (Figure 3c).
Further, 1 reacted with other aldehydes (e.g., 2-phenyl-
propionaldehyde) to give the deformylated products (e.g.,
acetophenone). Furthermore, 1 disappeared at a fast rate in
the reactions of other electrophiles (e.g., benzoyl chloride and
acetic anhydride). As it has been shown that the reactions of
peroxido iron(IIl) porphyrins with electrophiles generate
high-valent oxido iron(IV) porphyrin intermediates!'® and
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Figure 3. Kinetics of the reaction of 1 with cyclohexanecarboxaldehyde
(CCA): a) UV/Vis spectral changes of 1 (2 mm) upon addition of CCA
(30 equiv, 60 mm) in the presence of TEA (5 mm) at 0°C. Inset shows
the time course of the absorbance at 450 nm. b) Plot of k., against
CCA concentration to determine a second-order rate constant at 0°C.
c) Plot of first-order rate constants against 1/T to determine activation
parameters for the reaction of 1 (2 mm) and CCA (90 equiv, 180 mm).
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Scheme 1. Proposed mechanism for the deformylation of CCA by
[Mn"(tmc) (O,)]" (7).
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that metal-peroxido complexes react with other metal com-
plexes to form heterodinuclear bis(p-oxido) or peroxido
complexes,'”) detailed investigations for the reactions of non-
heme peroxido manganese(III) complexes with various
electrophiles and metal complexes are underway in this
laboratory.

In summary, a Mn"—peroxido complex bearing a macro-
cyclic tetradentate N, ligand was synthesized and character-
ized with various spectroscopic techniques, including X-ray
crystallography. The crystal structure of the intermediate
shows that the peroxido ligand is bound to a manganese ion
symmetrically in a side-on n? fashion. We have also demon-
strated that the Mn"™-peroxido complex is capable of
deformylating aldehydes through a nucleophilic reaction but
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not capable of oxygenating substrates through an electro-
philic reaction. The latter results indicate that Mn"- and
Fe"—peroxido complexes show similar reactivities in nucle-
ophilic and electrophilic reactions.*!
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