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Models of soluble methane monooxygenase (sMMO)[1] are
useful for studying peroxodiiron(iii) and oxodiiron(iv) inter-
mediates in O�O activation,[1] as well as for developing an
efficient oxidation catalyst.[2] Our synthetic efforts to obtain
models for dimetal biosites yielded a series of dinucleating
polypyridine ligands.[3] The diiron complex of the hexapyr-
idine ligand efficiently catalyzes the oxidation of alkanes and
forms a thermally stable peroxo complex.[3d–f] Diiron com-
plexes of tris(2-pyridylmethyl)amine (TPA) and related
ligands are known as effective sMMO models.[4] However,
such ligands do not stabilize the diiron core in solution,[5] and
the resulting complexes display varied reactivity, depending
on them being mono- or diiron complexes.[6, 7] Iron complexes
of TPA derivatives catalyze alkene oxidation with H2O2 to
give the 1,2-cis-diol and epoxide, and Rieske dioxygenase-
type monoiron active species have been proposed.[6] How-
ever, predominant epoxidation was observed with the iron
complex of the ligand N,N’-dimethyl-N,N’-bis(2-pyridylme-
thyl)ethane-1,2-diamine (MEP), which is similar to TPA, and
an sMMO-type diiron species was proposed.[7] Therefore, a
TPA-containing dinucleating ligand capable of stabilizing a
diiron core in solution would be useful for the development of
an effective sMMO model.

We prepared 1,2-bis[2-{bis(2-pyridylmethyl)amino-
methyl}-6-pyridyl]ethane (6-HPA) as a bis-TPA dinucleating
ligand. Herein, we describe the synthesis, structure, and
application of the diiron complex of 6-HPA as a highly useful
sMMO model. The complex can catalyze epoxidation with

H2O2 with high yields and large turnover numbers. Spectral
studies showed that a peroxodiiron(iii) complex is formed as
an intermediate. 18O-labeling studies demonstrated that the
O atoms of m-oxo and m-peroxo groups in the peroxo
intermediate were incorporated equivalently into the epox-
ide. Thus, the oxo- and peroxo-derived O atoms in the active
species scramble one another.

6-HPA forms the diiron complexes [Fe2(6-HPA)(O)-
(OH2)2](ClO4)4 (1) and [Fe2(6-HPA)(TfO)4] (2 ; TfO= tri-
flate). The structure of 1 was revealed by X-ray structure
analysis (Figure 1).[8] The distances and angles of the diiron

core in 1 are almost equivalent to those in a corresponding
diiron(iii) complex of TPA, [Fe2(TPA)2(O)(OH2)2](ClO4)3

(3),[9] which indicates that 6-HPA stabilizes the diiron core
without distortion. The ESI mass spectrum of 1 exhibited a
major peak at m/z 1033 arising from {[Fe2(6-HPA)(O)-
(OH2)2](ClO4)3}

+, and the spectrum of 3 showed two major
peaks at m/z 362 and 445 that resulted from the monoiron
species and two minor peaks at m/z 923 and 1007 arising from
the diiron species. These results clearly show that 6-HPA
specifically stabilizes the diiron core of 1 in solution.

Efficient and predominant epoxidation of alkenes with
H2O2 catalyzed by 1 was achieved, and the results are
summarized in Table 1.[10] Cyclooctene was converted to the
epoxide and 1,2-cis-diol in 75 and 2 % yields, respectively. In
an effort to determine the durability of 1 as a catalyst, an
experiment with repeated additions of H2O2 was performed
under similar conditions, in which the turnover number of 1
exceeded 100. For other alkenes, the epoxide was formed

Figure 1. ORTEP view (40% probability) of the structure of the cation
in 1. Selected distances [*] and angles [8]: Fe1···Fe2 3.607(3), Fe1-O1
1.795(2), Fe2-O1 1.812(2), Fe1-O2 2.084(7), Fe2-O3 2.059(2), Fe1-N1
2.244(1), Fe1-N2 2.151(5), Fe1-N3 2.114(1), Fe1-N4 2.187(7), Fe2-N5
2.235(5), Fe2-N6 2.152(7), Fe2-N7 2.120(9), Fe2-N8 2.196(6); Fe1-O1-
Fe2 179.2.

Table 1: Oxygenation of alkenes with H2O2 catalyzed by 1 and 2.

Yield[a] [%] (turnover number)
epoxide/cis-1,2-diol

alkene [IP (eV)][b] 1 2

cyclooctene [8.98] 75(7.5)/2(0.2)[c] 42(4.2)/24(2.4)[c]

70(105)/2(3.0)[d]

trans-b-methylstyrene [8.08] 91(9.1)/0[c]

cis-b-methylstyrene [8.48] 79(7.9)/0[c]

styrene [8.49] 63(6.3)/0[c]

1-octene [9.52] 37(3.7)/0[c]

[a] Yield based on the H2O2 used. [b] IP is the ionization potential of the
alkene. [c] 10 equiv of H2O2 was added. [d] 150 equiv of H2O2 was added.
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predominantly and the 1,2-cis-diol was not detected. The
trans-epoxide was obtained from trans-b-methylstyrene in
91% yield. Given the large turnover number and high
epoxide yield, it can be stated that 1 is an effective sMMO
model. The epoxide yield increased with decreasing ioniza-
tion potential (IP)[11] of the alkene (Table 1); trans-b-meth-
ylstyrene, which had the lowest IP value, gave the highest
epoxide yield. Moreover, epoxidation was not stereospecific,
as cis- and trans-epoxides were obtained from cis-b-methyl-
styrene with an RC value of 63%.[12] These data indicate that
the first step in the epoxidation represents a one-electron
oxidation of the alkene by an active species, and that the
radical cation generated undergoes a cis-to-trans configura-
tion change. As 6-HPA stabilizes the diiron core of 1 in
solution, the active species generated from 1 must be a
dinuclear complex relevant to sMMO.

Interestingly, when the diiron(ii) complex 2, which does
not have bridging oxo or hydroxo groups, was used as a
catalyst for the oxygenation of cyclooctene, the 1,2-cis-diol
was a main product (see Table 1). When 1 equiv of H2O2 was
added to 2, the epoxide/cis-1,2-diol product ratio was
0.15:0.85. With an increase in the amount of H2O2 added,
the yield of epoxide was increased and that of cis-1,2-diol was
decreased according to the following epoxide/cis-1,2-diol
ratios: 0.26:0.74, 0.53:0.47, and 0.64:0.36 for 2, 5, and
10 equiv of H2O2 added, respectively. These results clearly
show that 2 mainly produces cis-1,2-diol, and 1 gradually
generated by oxidation of 2 with H2O2 mainly produces
epoxide. This finding indicates that the m-oxo bridge in 1 plays
an essential role for the sMMO-type reactivity.

Addition of 2 equiv of H2O2 to a solution of 1 in CH3CN at
�40 8C generated a green species 4 that exhibited absorption
bands at 490 (e= 1130 m

�1 cm�1), 670 (1060), and 882 nm (sh,
370). These data are similar to those of the peroxodiiron
complex [Fe2(O)(O2)(6-Me3-TPA)2](ClO4)2 (5 ; 6-Me3-TPA=

tris(6-methyl-2-pyridylmethyl)amine).[13] The cold-spray ion-
ization (CSI) mass spectrum of 4 showed a parent peak at
m/z 865 arising from a peroxodiiron complex, {[Fe2(O)(O2)(6-
HPA)](ClO4)}+, as the strongest peak (Figure 2). The ion
exhibited an isotope intensity pattern that matched the

calculated one. Upon addition of H2
18O2 instead of H2

16O2,
the mass of the ion increased by four units. These results
indicate that 4 is best formulated as [Fe2(O)(O2)(6-HPA)]-
(ClO4)2. Spontaneous decomposition of 4 in CH3CN moni-
tored at 680 nm obeyed first-order kinetics with k= 1.6 E
10�3 s�1 at 243 K (the half-life t1/2 = 7.2 min). This value was
equivalent to that of 5 under the same conditions.[13]

Compound 4 was as stable as 5 but without steric hindrance,
as was the case with the Me groups of 6-Me3-TPA in 5. When
trans-b-methylstyrene was added to the solution of 4 gen-
erated as described above at �40 8C, the decay of 4 was not
accelerated at all. The mixture was analyzed after warming to
room temperature; the epoxide yield was increased to almost
quantitative.

Isotope-labeling experiments with trans-b-methylstyrene
as substrate were carried out by using H2

18O2 and m-18O-1
under argon to gain insight into the O�O activation mech-
anism. Upon addition of 10 equiv of H2

18O2 to 1, 18O was
incorporated into 94% of the epoxide, whereas addition of 1
or 3 equiv of H2

16O2 to m-18O-1 resulted in incorporation of
18O into 31 or 17% of the epoxide, respectively. Thus, m-18O is
incorporated into the epoxide in addition to H2

18O2. This
finding can be explained if it is assumed that a dioxo-m-
oxodiiron(iv) moiety is generated from 4 as an active species
via homolytic scission of the O�O bond, and that three
O atoms in the active species scramble one another. Accord-
ingly, with H2

16O2 (1 equiv)/m-18O-1, 33% of each oxo group in
the active species was labeled with 18O, and thus the
theoretical yield of the 18O-epoxide was 33% (Scheme 1).

Similarly, with H2
16O2 (3 equiv)/m-18O-1 or H2

18O2 (10 equiv)/
1, the yield of 18O-epoxide is estimated to be 16 or 95 %,
respectively. The theoretical values of 33, 16, and 95 % agree
with the experimental results of 31, 17, and 94%, respectively.

Further experiments with an excess amount of H2
18O or

under 18O2 revealed the unique reactivity of the active species.
With H2

18O/H2
16O2/1 (1000:10:1), only 1.5% of the epoxide

was labeled with 18O, which shows that O-atom exchange of
the active species with H2O was much slower than O-atom
transfer to the alkene.[14] When the reaction was carried out
with H2

16O2 (10 equiv)/1 under 18O2, 5% of the epoxide was
labeled with 18O. This result suggests that a one-electron
oxidation of the alkene by the active species occurs to form a
radical cation and a diiron(iii),(iv) species, as 18O labeling
from 18O2 must occur by autoxidation of the radical cation.
The remaining 95 % of nonlabeled epoxide could be
accounted for by O-atom transfer from the resultant diiron-
(iii),(iv) species to the radical cation. We are presently
attempting to detect the diiron(iii),(iv) and diiron(iv) species,
which would be generated from 1 and H2O2 via the peroxo
intermediate 4.

Figure 2. CSI mass spectrum of 4 obtained at �40 8C in CH3CN. The
isotope patterns assignable to {[Fe2(O)(16O2)(6-HPA)](ClO4)}

+ and
{[Fe2(O)(18O2)(6-HPA)](ClO4)}

+ are shown in the insets.

Scheme 1. Incorporation of the 18O atom on labeling with m-18O-1.
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Experimental Section
6-HPA: An aqueous solution of NaOH (2.3m, 5 mL) was added
dropwise with vigorous stirring to a solution of TPA (0.77 g,
3.87 mmol) and 1,2-bis(6-bromomethyl-2-pyridyl)ethane·2HBr
(1.03 g, 1.94 mmol) in water (5 mL) at room temperature. The
reaction mixture was stirred for 24 h at room temperature and then
extracted with CHCl3. The extracts were dried over Na2SO4 and the
product 6-HPA was isolated as a white solid (0.71 g, 60%). Mp.:
133.5–135.08C. Elemental analysis (%) calcd for C38H38N8: C 75.22, H
6.31, N 18.34; found: C 74.99, H 6.34, N 18.34. 1H NMR (Me4Si, in
CDCl3): d= 8.52 (dq, 4H, py’-6), 7.65 (m, 6H, py-4 and py’-4), 7.49 (s,
4H,py’-3), 7.36 (d, 2H, py-5), 7.13 (s, 4H, py’-5), 6.96 (d, 2H, py-3),
3.89 (s, 8H, pyCH2N(CH2py)2), 3.86 (s, 4H, pyCH2N(CH2py)2),
3.19 ppm (s, 4H, CH2); 13C NMR (Me4Si, in CDCl3): d= 160.3, 159.3,
158.5 (py-2, py-6, py’-2), 148.8 (py’-6), 136.4, 136.2, 122.6, 121.7, 120.9,
119.9 (py-4, py’-4, py’-3, py’-5, py-5, py-3), 60.0, 59.9 (methylene),
38.0 ppm (ethylene). FAB MS: m/z 607 [M+H]+.

1: 6-HPA (60.5 mg, 0.1 mmol) was dissolved in water (1 mL), a
solution of Fe(ClO4)3·9H2O (103 mg, 0.2 mmol) in water (1 mL) was
added, and the mixture was stirred overnight. 1 precipitated as a
brown powder (yield 86.5%) and was recrystallized from C6H6/
CH3CN to give crystals suitable for X-ray structure analysis.
Elemental analysis (%) calcd for C38H50N8Cl4O23Fe2: C 36.80, H
4.06, N 9.03, Fe 9.00; found: C 36.62, H 4.03, N 9.04, Fe 8.73. UV/Vis
absorption (in CH3CN): lmax = 515 nm�1 (emax = 110 m

�1 cm�1). IR
(KBr disk): ñ= 3072, 3032 (aromatic C�H), 2959, 2924 (aliphatic
C�H), 1607, 1572 (pyridine ring), 1113, 1084 (ClO4), 810 cm�1

(Fe�O�Fe). ESI MS: m/z 1033 [M�2H2O�ClO4]
+, 466

[M�2H2O�2ClO4]
2+.

m-18O-1: 6-HPA (20.3 mg, 33 mmol) and Fe(ClO4)3·9H2
18O

(35.9 mg, 67 mmol) were dissolved in H2
18O (1 mL) and the mixture

was stirred overnight. m-18O-1 precipitated as a brown powder (yield
65%) and was recrystallized from dry C6H6/CH3CN. IR (KBr disk):
ñ= 3069, 3034 (aromatic C�H), 2953, 2922 (aliphatic C�H), 1607,
1572 (pyridine ring), 1092 (ClO4), 768 cm�1 (Fe�O�Fe). ESI MS:
m/z 1035 [M�2H2

18O�ClO4]
+, 467 [M�2H2

18O�2ClO4]
2+, 278

[M�2H2
18O�3ClO4]

3+.
2 : A solution of 6-HPA (30.75 mg, 0.051 mmol) in CH2Cl2 (1 mL)

was added to a solution of FeII(TfO)2·2CH3CN (40.1 mg, 0.11 mmol)
in THF (2 mL) and the mixture was stirred overnight under Ar.
Complex 2 precipitated as a pale yellow powder, and was isolated by
filtration (46.8 mg, yield 70%) and recrystallized from CH2Cl2/
CH3CN/Et2O under Ar. Elemental analysis (%) calcd for
C42H38N8F12S4O12Fe2: C 38.37, H 2.91, N 8.52, Fe 8.50; found: C
38.29, H 2.89, N 8.31, Fe 8.19. UV/Vis absorption (in CH3CN): lmax

(emax m
�1 cm�1)= 355 (1600), 540 nm�1 (20). IR (KBr disk): ñ= 3119,

3082 (aromatic C�H), 2984, 2926 (aliphatic C�H), 1607, 1576, 1466,
1447 (pyridine ring), 1283, 1254, 1167, 1030 cm�1 (CF3SO3). ESI MS
(in CH3CN): m/z 1165 [M�CF3SO3]

+, 508 [M�2CF3SO3]
2+, 289

[M�3CF3SO3]
3+.

Isotope-labeling experiments were carried out under similar
conditions in the presence of an excess amount of H2

18O or under
18O2. The epoxidation reaction was also performed with m-18O-1/H2O2

ratios of 1:1 and 1:3 under Ar. The resultant mixtures were analyzed
by GC-MS, and the rate of 18O labeling was determined from the
isotope-intensity pattern.
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