
Published on the Web 05/21/2012 www.pubs.acs.org/accounts Vol. 45, No. 8 ’ 2012 ’ 1321–1330 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 1321
10.1021/ar3000019 & 2012 American Chemical Society

Mononuclear Metal�O2 Complexes Bearing
Macrocyclic N-Tetramethylated Cyclam Ligands

JAEHEUNG CHO,† RITIMUKTA SARANGI,‡ AND
WONWOO NAM*, †

†Department of Bioinspired Science, Department of Chemistry and Nano
Science, Ewha Womans University, Seoul 120-750, Korea, and ‡Stanford
Synchrotron Radiation Lightsource, SLAC National Accelerator Laboratory,

Menlo Park, California 94025, United States

RECEIVED ON JANUARY 10, 2012

CONS P EC TU S

M etalloenzymes activate dioxygen to carry out
a variety of biological reactions, including the

biotransformation of naturally occurring molecules,
oxidative metabolism of xenobiotics, and oxidative
phosphorylation. The dioxygen activation at the cat-
alytic sites of the enzymes occurs through several
steps, such as the binding of O2 at a reduced metal
center, the generation of metal�superoxo and
�peroxo species, and the O�O bond cleavage of
metal�hydroperoxo complexes to form high-valent
metal-oxo oxidants. Because these mononuclear me-
tal�dioxygen (M�O2) adducts are implicated as key
intermediates in dioxygen activation reactions catalyzed by metalloenzymes, studies of the structural and spectroscopic properties
and reactivities of synthetic biomimetic analogues of these species have aided our understanding of their biological chemistry. One
particularly versatile class of biomimetic coordination complexes for studying dioxygen activation by metal complexes is M�O2

complexes bearing the macrocyclic N-tetramethylated cyclam (TMC) ligand.
This Account describes the synthesis, structural and spectroscopic characterization, and reactivity studies of M�O2 complexes

bearing tetraazamacrocyclic n-TMC ligands, where Md Cr, Mn, Fe, Co, and Ni and n = 12, 13, and 14, based on recent results from
our laboratory. We have used various spectroscopic techniques, including resonance Raman and X-ray absorption spectroscopy,
and density functional theory (DFT) calculations to characterize several novel metal�O2 complexes. Notably, X-ray crystal
structures had shown that these complexes are end-on metal-superoxo and side-on metal-peroxo species. The metal ions and the
ring size of the macrocyclic TMC ligands control the geometric and electronic structures of themetal�O2 complexes, resulting in the
end-on metal�superoxo versus side-on metal�peroxo structures. Reactivity studies performed with the isolated metal-superoxo
complexes reveal that they can conduct electrophilic reactions such as oxygen atom transfer and C�H bond activation of organic
substrates. The metal�peroxo complexes are active oxidants in nucleophilic reactions, such as aldehyde deformylation. We also
demonstrate a complete intermolecular O2-transfer from metal(III)�peroxo complexes to a Mn(II) complex. The results presented
in this Account show the significance of metal ions and supporting ligands in tuning the geometric and electronic structures and
reactivities of the metal�O2 intermediates that are relevant in biology and in biomimetic reactions.

1. Introduction
Metalloenzymes activate dioxygen to carry out a variety of

biological reactions, including biotransformation of natu-

rally occurring molecules, oxidative metabolism of xeno-

biotics, and oxidative phosphorylation.1 The dioxygen

activation at the active sites of the enzymes occurs through

several steps, such as the binding of O2 at a reduced metal

center, the generation of metal�superoxo and �peroxo

species, and the O�O bond cleavage of metal�hydroperoxo

complexes to form high-valent metal-oxo oxidants.1 In heme

andnonheme ironand copper enzymes,mononuclearmetal�
dioxygen adducts (M�O2), such as end-on and side-on

metal-O2 species (Scheme 1), are generated in the O2 activa-

tion and play important roles as key intermediates in the
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oxidation of organic substrates.1�4 Such metal�O2 intermedi-

ates have been investigated extensively in biomimetic studies

to understand the structural and chemical properties of the

intermediates that are short-lived and thus difficult to study in

enzymatic reactions.5�11 For example, the binding modes of

the O2 unit and the bond lengths of O�O and M�O bonds of

synthetic metal�superoxo and �peroxo complexes were

elucidated by X-ray crystallographic analysis. Spectroscopic

characterization of the intermediates, such as O�O and M-O

stretching frequencies determined in resonance Raman

(rRaman) measurements,12 supported the assignment of the

binding modes of the O2 unit in M�O2 complexes. The

reactivities of these M�O2 complexes have been extensively

investigated in electrophilic and nucleophilic oxidation reac-

tions.13,14 For instance, Fe(III)�O2 complexes with heme and

nonheme ligands have been synthesized as chemical models

of cytochrome P450 aromatases and Rieske dioxygenases,

respectively, and have shown reactivities in nucleophilic reac-

tions such as aldehyde deformylation.4,14 As biomimetic com-

pounds of copper-containing enzymes, peptidylglycine-R-
hydroxylatingmonooxygenase (PHM) and dopamine-β-mono-

oxygenase (DβM), mononuclear Cu�O2 complexes have been

synthesized and characterized and their reactivities have

been investigated in electrophilic reactions.7,8,10,15�17 Fe(III)�
superoxo species have been proposed as active oxidants in

C�H bond activation of substrates by nonheme iron enzymes,

such as isopenicillin N-synthase and myo-inositol oxygenase.2

Biomimetic studies provided indirect evidence that mononuc-

lear nonheme Fe(III)�superoxo complexes are capable of acti-

vating C�H bonds of organic substrates, although such

Fe(III)�superoxo species have yet to be isolated and character-

ized spectroscopically.18

In addition to the iron and copper enzymes, Mn�O2

complexes have been invoked as reactive intermediates in

manganese-containing enzymes, such as in the oxygen

evolving complex of photosystem II, manganese superox-

ide dismutase, and catalase.19 In biomimetic studies, the first

crystal structure of a side-on Mn(III)�peroxo complex,

[Mn(TPP)(O2)]
� (TPP = meso-tetraphenylporphyrin), was re-

ported by Valentine and co-workers,20 followed by the

crystal structure of a nonheme side-on Mn(III)�peroxo com-

plex by Kitajima and co-workers.21 The chemistry of other

M�O2 complexes (M d Ti, V, Cr, Co, Ni, and the second and

third row transition metals) has been well documen-

ted.13,22,23 One representative example is the Co�O2 com-

plexes bearing salen, porphyrin, and tetraazamacrocyclic

ligands as models of dioxygen-carrying proteins, such as

hemoglobin and myoglobin, and as active oxidants in the

oxidation of organic substrates.22,24,25

It has been demonstrated recently that N-tetra-

methylated cyclams (TMC),26 such as n-TMC (n = 14 for

1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane, 13

TABLE 1. Structures of Metal�O2 Complexes Bearing Macrocyclic n-TMC Ligandsa

aThere are no high-resolution crystal structures available for [CoIII(14-TMC)(O2)]
þ (5) and [NiII(14-TMC)(O2)]

þ (8). bThe details of the high-resolution crystal structure of
[MnIII(12-TMC)(O2)]

þ will be reported elsewhere.

SCHEME 1. End-on and Side-on Metal�O2 Complexes SCHEME 2. TMC Ligands Used in the Synthesis of M�O2 Complexes
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for 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclotridecane,

and 12 for 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclo-

decane; see Scheme 2 for ligand structures), are versatile

ligands in the biomimetic chemistry of dioxygen activation

by metal complexes. A variety of metal�TMC complexes of

oxo, superoxo, and peroxo ligands have been synthesized

and characterized spectroscopically and/or structurally.27�40

In particular, the first high-resolution crystal structures of

Fe(IV)�oxo and Fe(III)�peroxo complexes with the 14-TMC

ligand, such as [FeIV(14-TMC)(O)]2þ and [FeIII(14-TMC)-

(O2)]
þ,31,38 were successfully obtained in nonheme iron

models. In these studies, it has been shown that the ring

size of the TMC ligands is an important factor that controls

the geometric and electronic structures of the M�O2 ad-

ducts. Such a ring size effect has been highlighted by two

Ni�O2 complexes bearing 14-TMC and 12-TMC ligands;34�36

[Ni(14-TMC)(O2)]
þ is an end-on Ni(II)-superoxo species,34

whereas [Ni(12-TMC)(O2)]
þ is a side-onNi(III)-peroxo species.35

Thus, significant progress has been achieved in understand-

ing the chemical and physical properties of the biologically

important metal�oxygen intermediates, such as high-valent

metal�oxo and metal�O2 complexes, by synthesizing their

biomimetic compounds using the versatile tetraazamacrocyc-

lic ligands, n-TMC. In this Account, we describe our recent

results on the synthesis, structural and spectroscopic character-

ization, and reactivity studies of theM�O2 complexes bearing

n-TMC ligands (Md Cr, Mn, Fe, Co, Ni; n= 12, 13, 14) (Table 1).

The effects of the metal ions and macrocyclic ring size on the

structures and reactivities of the biologically important M-O2

intermediates are discussed as well.

2. Synthesis and Characterization
Metal�O2 complexes were synthesized by reactingmetal(II)

complexes, [M(n-TMC)]2þ (Md Cr, Mn, Fe, Co, Ni; n = 12, 13,

14), with O2 or H2O2 in the presence of base (e.g., triethyla-

mine (TEA) or tetramethylammoniumhydroxide (TMAH)), as

summarized in Scheme3. First, bubbling ofO2 to the solution

of [CrII(14-TMC)(Cl)]þ in CH3CN afforded the color change T
A
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SCHEME 3. Reactions Showing the Synthesis of Metal�Superoxo and
�Peroxo Complexes
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from blue to violet (Scheme 3, route A).27 The violet inter-

mediate, [CrIII(14-TMC)(O2)(Cl)]
þ (1), was characterized with

various spectroscopic methods (see Table 2, entry 1 for

spectroscopic data). The superoxo character of the O2 ligand

was unambiguously assigned by rRaman spectroscopic and

X-ray crystallographic analyses. In rRaman measurements,

1 prepared with 16O2 exhibits an isotopically sensitive band

at 1170 cm�1, which shifts to 1104 cm�1 in samples of 1

preparedwith 18O2 (Table 2). The single crystal structure of 1

revealed the mononuclear end-on Cr�superoxo complex in

a distorted octahedral geometry (Figure 1A). The O�O bond

length (1.231 Å) of 1 is shorter than that of the side-on

Cr(III)�superoxo complex (1.327 Å).41 The relatively short

O�O bond distance is consistent with the high frequency of

the O�O stretching vibration observed in the rRaman mea-

surements. All N-methyl groups of the 14-TMC ligand are

oriented anti to the superoxo ligand, while the syn site is

occupied by a Cl ligand.

Different from the Cr�O2 complex, other metal(II) com-

plexes, suchasMn(II), Fe(II), Co(II), andNi(II), did not reactwith

O2 to form M-O2 complexes. Alternatively, metal�O2 com-

plexes were generated by reacting metal(II) complexes with

H2O2 in the presence of base (Scheme 3, routes B and C).

First, [MnIII(14-TMC)(O2)]
þ (2) was synthesized by reacting

[MnII(14-TMC)]2þwith H2O2 in the presence of TEA in CH3CN

(Scheme3, route B; Table 2, entry 2 for spectroscopic data).28

The ESI-MS of the green intermediate 2 exhibits a prominent

ion peak at a mass-to-charge ratio (m/z) of 343.1, whose

mass and isotope distribution pattern correspond to [Mn(14-

TMC)(O2)]
þ. When 2 was synthesized using isotopically

labeledH2
18O2, amass peak corresponding to [Mn(14-TMC)-

(18O2)]
þ appeared atm/z 347.1. The four mass unit increase

upon the substitution of 16O with 18O indicates the binding

of an O2 unit in 2. The X-ray crystal structure of 2 revealed

the mononuclear side-on Mn(III)�peroxo complex in a

distorted octahedral geometry arising from the triangular

MnO2 moiety (Figure 1B). The O�O bond length of 1.403(4)

Å is typical for a peroxo ligand bound to a transition metal

ion, but is slightly shorter than those found in [Mn(TPP)(O2)]
�

(1.43 Å)20 and [Mn(TpPr)(3,5-Pr2pzH)(O2)] (1.421 Å).21 All

N-methyl groups of the 14-TMC ligand are oriented syn to

the peroxo ligand residing in the N-methyl pocket. Similarly,

[MnIII(13-TMC)(O2)]
þ (3) was synthesized by reacting

[MnII(13-TMC)]2þwith H2O2 in the presence of TEA in CH3CN

(Scheme3, route B; Table 2, entry 3 for spectroscopic data).29

The X-ray crystal structure of the green intermediate 3

revealed a monomeric six-coordinate MnIII cation with a

side-on peroxo ligand and the O�O bond length of 1.403(4)

Å (Figure 1C).

The Fe(III)�peroxo complex, [FeIII(14-TMC)(O2)]
þ (4), was

prepared by reacting [FeII(14-TMC)]2þ with H2O2 in the pre-

sence of TEA in CF3CH2OH (Scheme 3, route B).30,31 The

intermediate persisted for several hours at 0 �C, and

the greater thermal stability of 4 in alcoholic solvents

allowed us to isolate crystals.31 The isolated intermediate

4 was fully characterized with various spectroscopic techni-

ques (Table 2, entry 4), including UV�vis, ESI-MS, EPR,

rRaman, andX-rayabsorption spectroscopy (XAS). The rRaman

spectrum of 4 shows two peaks that shift upon 18O-substitu-

tion. The peak at 487 cm�1 shifts to 468 cm�1 with a 16,18Δ

valueof 19 cm�1 (16,18Δ (calcd) =21 cm�1) and is assignedas

an Fe�O stretch. The other isotopically sensitive peak in the

rRaman spectrum appears at 825 cm�1, which shifts to

781 cm�1 in the 18O-labeled 4; this feature is assigned as

the O�O stretch with the 16,18Δ value of 44 cm�1 (16,18Δ

(calcd) = 47 cm�1). These values are comparable to the Fe�O

and O�O stretches in spectroscopically characterized high-

spin side-on Fe(III)�peroxo complexes in heme and non-

heme iron systems.31,42 The X-ray crystal structure of 4

revealed the mononuclear side-on Fe(III)�peroxo complex

in a distorted octahedral geometry (Figure 1D). The FeO2

geometry is similar to the crystallographically characterized

structure of naphthalene dioxygenase (NDO), where dioxy-

gen binds in a side-on fashion at the mononuclear iron

center (1.75 Å resolution, rO�O ca. 1.45 Å).4 The structurally

FIGURE 1. Crystal structures ofM-O2 complexes: (A) [CrIII(14-TMC)(O2)(Cl)]
þ

(1); (B) [MnIII(14-TMC)(O2)]
þ (2); (C) [MnIII(13-TMC)(O2)]

þ (3); (D) [FeIII(14-TMC)-
(O2)]

þ (4); (E) [CoIII(13-TMC)(O2)]
þ (6); (F) [CoIII(12-TMC)(O2)]

þ (7);
(G) [NiIII(12-TMC)(O2)]

þ (9).
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determined O�O bond length of 1.463(6) Å is indicative of

peroxo character of the O2 group,
12 as assigned by rRaman

experiments (vide supra). All four N-methyl groups of the

14-TMC ligandareoriented syn to theperoxo ligand. In the case

of an Fe(IV)�oxo complex bearing the same 14-TMC ligand,

the four N-methyl groups of [FeIV(14-TMC)(O)(CH3CN)]
2þ are

anti to the oxo ligand,38 whereas those in a Sc3þ-bound

[FeIV(14-TMC)(O)]2þ are syn to the oxo ligand.39 In addition, a

good correlation was observed when the O�O bond length

and O�O stretching frequency of 4 was fitted in the plot of

O�O stretching frequency versus O�Obond length for side-

on metal�O2 complexes (Figure 2).12

The reaction of [CoII(14-TMC)(CH3CN)]
2þ with H2O2 in the

presence of TEA in CH3CN afforded a gradual color change

from pale purple to green (Scheme 3, route B).33 The green

intermediate, [CoIII(14-TMC)(O2)]
þ (5), was assigned by ESI-

MS and EPR experiments (Table 2, entry 5), and the structural

information was obtained by XAS and density functional

theory (DFT) calculations (vide infra). The Co(III)�peroxo

complexes bearing 13-TMC and 12-TMC were synthesized

as follows: Addition of H2O2 to [CoII(13-TMC)(CH3CN)]
2þ and

[CoII(12-TMC)(CH3CN)]
2þ in the presence of TEA in CH3CN

afforded purple intermediates [CoIII(13-TMC)(O2)]
þ (6) and

[CoIII(12-TMC)(O2)]
þ (7), respectively.33 The spectroscopic

(Table 2, entries 6 and 7) and structural (Figure 1E and F)

characterization revealed that the peroxo ligand is bound to

the cobalt ion in a side-on fashion. The structural properties

of the CoO2 core in 6 and 7 are nearly identical; the X-ray

structures of 6 and 7 revealed a mononuclear side-on Co-

(III)�peroxo complex in a distorted octahedral geometry

arising from the triangular CoO2moiety, and the O�O bond

distances of 6 and 7 were 1.438(6) and 1.4389(17) Å,

respectively (Table 2). All four N-methyl groups of the

13-TMC and 12-TMC ligands are oriented syn to the peroxo

ligand in both complexes. The O�O bond stretching fre-

quency of 6 and 7 was determined to be 902 cm�1 by

rRaman measurements, and we have observed a good

correlation between the O�O stretching frequencies and

the O�O bond lengths in 6 and 7 (Figure 2).12

Different from the metal(III)�peroxo complex formation

discussed above, a Ni(II)�superoxo complex, [NiII(14-TMC)-

(O2)]
þ (8), was formed in the reactionof [NiII(14-TMC)(CH3CN)]

2þ

and H2O2 in the presence of base (TEA or TMAH) in

CH3CN (Scheme 3, route C).34 The formation of 8 was also

observed when a low valent [NiI(14-TMC)]þ complex was

reacted with O2.
34 The formation of 8 was confirmed by

various spectroscopic techniques (Table 2, entry 8). The

rRaman data show that 8 exhibits an isotopically sensitive

band at 1131 cm�1, which shifts to 1067 cm�1 in samples of

8 prepared with 18O-labeled H2
18O2. The O�O stretching

frequency of 8 (1131 cm�1) is comparable to that of 1 (1170

cm�1), indicating the superoxo character of the O2 unit in 8.

The structural information was obtained by XAS and DFT

calculations (vide infra). Interestingly, a Ni(III)�peroxo com-

plex, [NiIII(12-TMC)(O2)]
þ (9), was obtained by changing the

supporting ligand from14-TMC to12-TMC.35 The reactionof

[NiII(12-TMC)(CH3CN)]
2þ with H2O2 in the presence of TEA in

CH3CN produces the green intermediate, 9, which exhibits

characteristic absorption bands that are distinct from those

of 8 (Scheme 3, route C; Table 2, entry 9 for spectroscopic

data). The rRaman spectra of 9 show the peroxo character of

the O2 group; 9 exhibits an isotopically sensitive band at

1002 cm�1, which shifts to 945 cm�1 upon substitution of
16O with 18O. The observed O�O stretching frequency of 9

(1002 cm�1) is significantly lower than that of 8 (1131 cm�1).

The X-ray crystal structure of 9 revealed the mononuclear

side-on Ni(III)�peroxo complex in a distorted octahedral

geometry (Figure 1G).35 The O�O bond length of 9

(1.386(4) Å) is longer than those of Ni(II)�superoxo com-

plexes, such as 8 (1.301 Å, obtained fromDFT calculations)34

and NiO2 with a β-diketiminato ligand (1.347 Å).43 Further,

the Ni�O average bond distance of 9 (1.889 Å) is shorter

than that of 8 (1.984 Å, obtained from DFT calculations),34

supporting a Ni3þ oxidation state, which was also shown by

XAS experiments and supported byDFT calculations. All four

N-methyl groups of the 12-TMC ligand are oriented syn to

FIGURE 2. Plot of O�O stretching frequency (cm�1) versus O�O bond
distance (Å) for side-on metal�O2 complexes. Circles represent experi-
mental data points, and squares represent theoretical ones.12 The solid
line represents a least-squares linear fit of the experimental and
theoretical data. Data points for [FeIII(14-TMC)(O2)]

þ (4) (red right
triangle), [CoIII(13-TMC)(O2)]

þ (6) (magenta up triangle), [CoIII(12-TMC)-
(O2)]

þ (7) (blue down triangle), and [NiIII(12-TMC)(O2)]
þ (9) (green tilted

square) are included in the diagram.
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the peroxo ligand in 9. There is a correlation between the

observed O�O bond length and the O�O stretching fre-

quency in 9, as observed in other side-on M�O2 complexes

(Figure 2).12

2.1. Metal Ion Effect. We have shown above that the

nature ofO2binding (e.g., side-on vs end-onand superoxo vs

peroxo), theO�OandM-Obond distances in theM�O2 unit,

and the orientation of methyl groups in TMC ligands are

markedly influenced by the central metal ions of M�O2

complexes (Figure 1; Tables 1 and 2). For example, in the

series of M�O2 complexes bearing 14-TMC ligand, the O2

ligands of the Cr(III)�superoxo and Ni(II)�superoxo com-

plexes are bound to the metal ions in an end-on fashion,

whereas those of the Mn(III)�peroxo, Fe(III)�peroxo, and

Co(III)�peroxo complexes are coordinated to the metal ions

in a side-on fashion (see the structures in the first row in

Table 1). Thus, there is a trend that metal ions with a

relatively high oxidation state prefer to form a side-on

metal�peroxo complex, probably due to the stronger donor

interaction by the peroxo ligand (e.g., Mn(III)�O2, Fe(III)�O2,

and Co(III)�O2), whereas an end-on metal�superoxo com-

plex is a preferred structure for metal ions with a relatively

low oxidation state (e.g., Ni(II)�O2) (see Scheme 4).

Second, the M-O and O�O bond distances are inversely

correlated (R2 = 0.794), although there is one exception with

4 (Figure 3). Such a correlation has been observed in other

mononuclear side-on metal�O2 complexes, and the corre-

lation was interpreted with the orbital overlap between in-

plane O2 π* orbital and metal dxy orbital.12 Thus, the de-

crease of the O�O bond distances is correlated with the

increase of the M�O bond distances, resulting from the

decrease of metal�oxygen covalency. Co(III)�peroxo (7)

and Ni(III)�peroxo (9) complexes bearing 12-TMC ligand

represent another good example for the correlation be-

tween the M�O and O�O bond distances. The average

Co�O bond distance of 7 (1.866 Å) is shorter than the

average Ni�O bond distance of 9 (1.889 Å), whereas the

O�O bond distance of 7 (1.4389(17) Å) is longer than that of

9 (1.386(4) Å).33,35 A similar trend in M�O bond distances

has been observed in Mn(III)�peroxo (2) and Fe(III)�peroxo

(4) complexes with 14-TMC. The Mn�O bond distance of 2

(1.884(2) Å) is shorter than the average Fe�O bond distance

of 4 (1.910 Å),28,31 which is comparable to those of pre-

viously reported Mn�O(H) and Fe�O(H) complexes.44 How-

ever, the O�O bond distance of 4 (1.463(6) Å) is significantly

longer than that of 2 (1.403(4) Å).28,31 The extraordinary

O�O bond elongation in 4, which is supported by the

rRaman data (vide supra), makes it a dramatic exception to

the correlation otherwise demonstrated in Figure 3.

Third, all four N-methyl groups of TMC ligands in metal�
peroxo complexes point to the same side of the peroxo

moiety irrespective of metal ions and the ring size of TMC

ligands (see Figure 1).28,29,31,33,35 In contrast, all N-methyl

groups of the 14-TMC ligand in the Cr�superoxo complex,

[CrIII(14-TMC)(O2)(Cl)]
þ (1), are oriented anti to the superoxo

ligand.27 Thus, the orientation of the N-methyl groups of

TMC ligands inM�O2 complexesmay be determined by the

bindingmode of the O2 ligand (e.g., syn to the peroxo ligand

vs anti to the superoxo ligand), although there is only one

crystal structure of aM�superoxo species binding a chloride

ligand trans to the O2 group (i.e., [CrIII(14-TMC)(O2)(Cl)]
þ).27

2.2. Ring Size Effect. Themacrocyclic ligands, n-TMC (n =

12, 13, 14), give several transition metal�O2 complexes in

different oxidation states, suggesting that the ring size of the

macrocycles is an important factor that controls the nature

of M�O2 geometric and electronic structures (e.g., Mmþ-

superoxo vs M(mþ1)þ�peroxo in Scheme 4).34,35 To under-

stand the ring size effect, XAS studies and DFT calculations

were performed on [Co(n-TMC)(O2)]
þ and [Ni(n-TMC)(O2)]

þ

complexes, where n = 12 or 14.36 In the case of [Ni(n-

TMC)(O2)]
þ (e.g., 8 and 9), Ni K-edge energies combined with

extended X-ray absorption fine structure (EXAFS) data re-

vealed that the smaller 12-TMC macrocycle forms a Ni(III)�
peroxo complex, while the bigger 14-TMC ligand forms a

Ni(II)�superoxo species. In 9, the smaller ring size allows O2

SCHEME 4. Preferred Geometry of M�O2 Complex Depending on the
Oxidation State of Metal Ion

FIGURE 3. Plot of M-O versus O�O bond distances (Å) of M�O2

complexes. The dashed line represents a least-squares linear fit
(y = �0.52x þ 2.61, R2 = 0.794) of the experimental data except 4,
although the data point of 4 is included in the diagram.
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to bind in a side-on fashion and stabilizes the high oxidation

state of Ni3þ. In the case of [Co(n-TMC)(O2)]
þ, 7 bearing the

12-TMC ligand forms a side-on bound Co(III)�peroxo com-

plex similar to9 in thenickel system.However,while8 forms

a Ni(II)�superoxo complex, 5 forms a Co(III)�peroxo com-

plex despite having the 14-TMC ligand. This is confirmed by

Co K-edge XAS data, which show similar pre-edge and edge

energy positions for 5 and 7.36 This discrepancy is investi-

gated by DFT calculations, which show that there is a

significantly higher thermodynamic driving force for the

oxidation of Co(II) to Co(III) compared to Ni(II) to Ni(III).36

Thus, the results discussed above suggest that there is an

interplay of several factors in determining the final stable

geometric and electronic structures of [M(n-TMC)(O2)]
mþ

species, such as the macrocyclic ring size effect and the

inherent thermodynamic stability of the metal ion in differ-

ent oxidation states.

3. Reactivity
3.1. Electrophilic and Nucleophilic Reactions. Reactiv-

ities of the synthetic metal�O2 complexes have been in-

vestigated in electrophilic andnucleophilic reactions in order

to understand the chemical properties and mechanisms of

the oxidation of organic substrates by metal�superoxo and

�peroxo species in enzymatic reactions. The substrates used

in electrophilic reactions were PPh3 and alkylaromatics with

weak C�H bond dissociation energies (BDEs) for oxygen

atom transfer and hydrogen atom (H-atom) abstraction reac-

tions, respectively, whereas the nucleophilic character of the

metal�O2 complexes was examined in aldehyde deformyla-

tionreactions (Scheme5). Inelectrophilic reactions, thenickel(II)�
superoxo species, [Ni(14-TMC)(O2)]

þ (8), oxidized PPh3 to

produce OPPh3 in quantitative yield (Scheme 5A), and the

source of oxygen in the product was confirmed using 18O-

labeled [Ni(14-TMC)(18O2)]
þ.34,45 The electrophilic character

of metal�superoxo species was further investigated in

H-atom abstraction reactions by the chromium(III)�superoxo

complex, [Cr(14-TMC)(O2)(Cl)]
þ (1), using substrateswithweak

C�H bond dissociation energies (BDEs), such as xanthene,

dihydroanthracene, and cyclohexadiene.27,40 In the latter

reactions, the order of reaction rates (k2) was xanthene >

DHA > CHD, and a linear correlation was observed between

the log k2 values and the C�H BDE of the substrates. In

addition, a kinetic isotope effect (KIE) value of 50 was

obtained in the oxidation of DHA by1. Such a large KIE value,

with the good correlation between k2 and BDE of the sub-

strates, implicates that the H-atom abstraction is the rate-

determining step for the C�H bond activation by the Cr-

superoxo complex.

Although metal�peroxo complexes are not reactive in

electrophilic reactions, they are capable of conducting nu-

cleophilic reactions, such as the deformylation of aldehydes.

For example, the reaction of [Co(14-TMC)(O2)]
þ (5) with

2-phenylpropionaldehyde (2-PPA) afforded acetophenone

as the major product (Scheme 5B).32 Similar results were

obtained in the reaction of cyclohexanecarboxaldehyde

(CCA), and product analysis of the resulting solution revealed

the formation of cyclohexene (Scheme 5B).32 The reactivity

of 5 was further investigated using benzaldehydes with a

series of electron-donating and -withdrawing substituents at

the para position of the phenyl group (para-Y�Ph�CHO; Yd

OMe, Me, F, H, Cl). A positive Fþ value of 1.8 in the Hammett

plot was obtained, which is consistent with the nucleophilic

character of5 in the oxidation of aldehydes. The reactivity of

metal�peroxo complexes was further investigated using

primary (1�-CHO), secondary (2�-CHO), and tertiary (3�-CHO)
aldehydes, and the observed reactivity order of 1�-CHO>2�-
CHO > 3�-CHO supports the nucleophilic character of

the metal�peroxo species.31,35 Other metal�peroxo com-

plexes, [MIII(n-TMC)(O2)]
þ, showed reactivities in the alde-

hyde deformylation reactions with positive Fþ values in the

reactions of para-X-substituted benzaldehydes and the

reactivity order of 1�-CHO > 2�-CHO > 3�-CHO.28�33,35

The aldehyde deformylation reactions by metal�peroxo

FIGURE 4. Plot of log k2 of [Mn(13-TMC)(O2)(X)]
þ (3-X; X = N3

�,
CF3CO2

�, NCS�, CN�) at 0 �C against Ep,a values of 3-X.
29

SCHEME 5. Reactivities of End-on Metal�Superoxo and Side-on
Metal�Peroxo Complexes
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complexes are initiated by attack of the carbonyl group by

the M-O2 moiety (Scheme 6).14

A remarkable axial ligand effect on the reactivity of

metal�peroxo complexes in heme and nonheme systems

was observed in oxidative nucleophilic reactions.14,29 For

example, [Mn(13-TMC)(O2)(X)] bearing different axial ligands

(3-X; X d N3
�, CF3CO2

�, NCS�, CN�) was studied in the

oxidation of CCA and observed the reactivity order of 3-N3

> 3-CF3CO2 > 3-NCS > 3-CN> 3.29 These results indicate that

an increase in the nucleophilicity of the Mn(III)�peroxo unit

upon binding of anionic axial ligands makes 3-X more

electron-rich. The electronic effectwas confirmed byplotting

the potential of 3-X against the reaction rates of CCA oxida-

tion by 3-X, showing that the Mn(III)�peroxo complexes

withmore electron-donating axial ligands aremore reactive

in oxidative nucleophilic reactions (Figure 4).29 In addition,

the geometric effect on the binding of the anionic ligand

trans to the peroxo ligand may facilitate the conversion of

the side-on peroxo ligand to an end-on peroxo ligand,which

probably becomes more nucleophilic.29 That is, upon bind-

ing of an axial ligand, the axial ligand pulls down the metal

ion into the TMC ring plane (Scheme 7, A), as proposed

in heme models.14 As a consequence, the peroxo group

experiences more repulsive interactions from atoms in the

TMC ring, resulting in the shift of the equilibrium toward the

end-on conformation (Scheme 7, B). DFT calculations on

the side-on and end-onMn(III)�peroxo species illustrate that

the peroxo group in the end-on structure has much more

anionic character than that in the side-on structure where

the electron densities at the oxygen atoms in the side-on

and end-on peroxo ligands are �0.24 and �0.63, respec-

tively.29 Therefore, the oxygen atom in the end-on structure

is predicted to be more reactive than the side-on bound

structure as a nucleophile.

3.2. O2-Transfer Reactions. It has been shown that an

intermolecular O2-tranfer occurs from a Ni(III)�peroxo com-

plex, [Ni(12-TMC)(O2)]
þ (9), to a Mn(II) complex, giving the

corresponding Ni(II) complex and Mn(III)�peroxo complex,

2 (Scheme8).35 Addition of [Mn(14-TMC)]2þ to a solution of9

resulted in the disappearance of the characteristic bands of9

with the concomitant growth of an absorption band (λmax =

453 nm) corresponding to 2 (Figure 5). It was suggested that

theO2-transfer reaction proceeds via a bimolecularmechan-

ism in which the formation of an undetected [(12-TMC)

Ni�O2-Mn(14-TMC)]3þ intermediate is the rate-determin-

ing step (Scheme 8).35

FIGURE 5. UV�vis spectral changes showing the formation of [Mn(14-
TMC)(O2)]

þ (2) (red) and the disappearance of [Ni(12-TMC)(O2)]
þ (9)

(green) by addition of [Mn(14-TMC)]2þ to a solution of 9. Inset shows the
spectroscopic titration at 453 nm for the formation of 2 as a function of
the equivalents of [Mn(14-TMC)]2þ added to a solution of 9.35

SCHEME 6. Proposed Mechanism for the Deformylation of CCA by
[MnIII(14-TMC)(O2)]

þ (2)28

SCHEME 7. Axial Ligand Effect of Metal�Peroxo Complexes in
Nucleophilic Reactions29

SCHEME 8. Reaction Scheme Showing an Intermolecular O2-Transfer between Metal Complexes35
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In order to obtain further insight into the O2-transfer

reaction, isolated [Co(13-TMC)(O2)]
þ (6) and [Co(12-TMC)(O2)]

þ

(7) complexes were used in the intermolecular O2-transfer

reactions.33 The cobalt�peroxo complexes transferred their

O2unit to [Mn(14-TMC)]2þ, giving the correspondingCo(II) and

Mn(III)�peroxo complexes. Interestingly, the O2-tranfer from

[Co(12-TMC)(O2)]
þ (7) to [Mn(14-TMC)]2þ is ∼1100 times

slower than that from [Ni(12-TMC)(O2)]
þ (9) to [Mn(14-TMC)]2þ

(k2 = 1.9� 10�4 M�1 s�1 for 7 and 0.2 M�1 s�1 for 9), indicat-

ing that the Ni(III)�peroxo complex is much more reactive

than the Co(III)�peroxo analogue toward the attack of the

Mn(II) ion. These results were elucidated by the difference of

the enthalpy valuesof 65kJmol�1 for7and49kJmol�1 for9,

and thedifferenceofΔΔGbetween7and9 is∼13kJmol�1. In

addition, as the ring size of macrocyclic ligands in the Co(III)�
peroxo complexes increases from 12-TMC to 13-TMC, the

O2-transfer reaction is facilitated, and the reaction rate is

increased ∼600 times (k2 = 1.9 � 10�4 M�1 s�1 for 7 and

1.2� 10�1 M�1 s�1 for 6). This phenomenon in the complete

O2-transfer betweenmetal complexes bearing TMC ligands is

different from the behavior of other systems; in the reactions

of metal (M)�O2 complexes (M d Cu and Ni) and a second

metal complex, M or M0, formation of homo- or heterodi-

nuclear complexes containing [M2(μ-O)2]
nþ, [M2(O2)]

nþ, or

[MM0(μ-O)2]
nþ cores is observed.37,46

4. Concluding Remarks
Metal�O2 intermediates are short-lived and highly reactive

inmany cases, thusmaking it difficult to study their chemical

and physical properties in the catalytic cycle of dioxygen

activation by metalloenzymes. Further, it is especially chal-

lenging to obtain crystal structures of the thermally unstable

and reactive metal�O2 intermediates. In this Account, we

have described our recent results on the synthesis of a

number ofmetal�O2 complexes bearing tetraazamacrocyc-

lic TMC ligands and their spectroscopic characterization and

crystal structures, by emphasizing the significant role of the

macrocyclic TMC ligands in controlling the redox potentials

and spin states of metal ions as well as the stability of the

bound O2 ligands. We have also demonstrated the impor-

tance of metal ions and the ring size of the supporting

ligands on the geometric and electronic structures of the

metal�O2 complexes. Reactivities of the isolated metal�O2

complexes are discussed in electrophilic and nucleophilic

reactions as well as in intermolecular O2-transfer reactions. This

Account, with the previous review on mononuclear nonheme

Fe(IV)�oxo complexes,47 has shown that the field of nonheme

metal�oxygen intermediates (e.g., M�O, M�O2, and M�O2H)

has been developed greatly in the past decade in bioinorganic

chemistry through intense synthetic, spectroscopic, and theore-

tical efforts; however, there is still much to be explored in

trapping, characterizing, and understanding the key intermedi-

ates involved in dioxygen activation chemistry by metalloen-

zymes and their biomimetic compounds.
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