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Nature has developed a large variety of metalloenzymes
capable of catalyzing selective oxidation reactions through
the reductive activation of dioxygen at mono- or dinuclear
iron active sites.'"*! Among these metalloenzymes, cytochro-
mes P,s, (cytP,s,), with a mononuclear iron active site, are the
most widely known and studied, whereas soluble methane
monooxygenase (MMO), which contains a dinuclear iron
center, is under intensive investigation.”) Both systems
oxidize a variety of organic substrates by the use of dioxygen
and electrons provided by NAD(P)H to give the desired
products and water. Much progress has been made in
understanding the structure/function relationship of these
metalloenzymes on the basis of synthetic systems,**! and key
intermediates, such as high-valent iron-oxo”!” and iron—
peroxo speciest! have been identified and characterized.
However, in most of these synthetic models, the high-valent
iron-oxo or iron-peroxo species were generated by the
addition of chemical oxidants, such as PhlO, H,0,, or O,, in
the presence of electron and proton donors. Gray and co-
workers were the first to photogenerate different intermedi-
ates of cytP,s, through a photosensitizer—cytP s, assembly in
the presence or the absence of electron scavengers.!'
Meanwhile, Fukuzumi, Nam, and co-workers reported the
photocatalytic generation of high-valent iron—oxo species by
the use of water as an oxygen-atom source in the presence of
sacrificial electron acceptors.'>!®! An appealing alternative
for the formation of such active species would be a photo-
reductive process with O,."")

Herein, we report the photocatalytic activation of O, at
a diiron(II) complex upon irradiation of a system composed
of the corresponding diiron(III) complex, a ruthenium(II)-
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polybipyridine-type complex, which acts as a photosensitizer,
and triethylamine (TEA), which functions as a sacrificial
electron donor. Exposure of the photogenerated diiron(II)
complex to O, leads to the formation of the diiron(III)-
peroxo intermediate responsible for oxygen-atom transfer to
a substrate.

The dinucleating ligand N,N,N',N'-tetrakis(N-ethyl-2-
benzimidazolylmethyl)-2-hydroxy-1,3-diaminopropane  (NN-
EtHPTB)!™ used to form complex 1 (Scheme 1) has com-
monly been used to develop synthetic models for MMO, and

4clo,
N/—_l

Scheme 1. Structures of the diiron complex 1 and ruthenium com-
plexes 2 and 3 used in this study.

has been particularly useful for studying the formation of
diiron(III)-p-1,2-peroxo species by exposure of the corre-
sponding carboxylate-bridged diiron(II) complexes to
02.[19723]

Our strategy to build a molecular assembly with an N-
EtHPTB-diiron complex involved the preparation of the
corresponding diiron(IIT) complex 1 without a bridging
carboxylate group and thus with free coordination sites for
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the carboxylate group of ruthenium complex 2 (Scheme 1).
Complex 1 was prepared by mixing the N-EtHPTB ligand
with iron(III) perchlorate (2 equiv); slow evaporation of the
resulting solution in methanol yielded crystals of sufficient
quality for X-ray crystal-structure analysis. Interestingly, the
structure of 1 (Figure 1) features two different coordination

Figure 1. X-ray crystal structure of complex 1: [Fe"',(N-EtHPTB) (H,0),-
(CH;0) (CH;OH)](CIO,),.

spheres for the iron(III) centers. Fe(1) holds two water
molecules and two benzimidazole groups positioned in a cis
configuration, whereas Fe(2) bears two methanol molecules
and two benzimidazole fragments in a trans configuration.
The different distances of 1.87 and 2.07 A between Fe(2) and
the two methanol molecules indicate that one of the methanol
molecules is deprotonated.

Prior to our studies of photoinduced electron transfer, we
examined the reactivity of 1 with hydrogen peroxide. Upon
the addition of H,O, (10 equiv), the initial red solution of 1 in
acetonitrile turned dark blue-green with a maximum absorp-
tion at 620 nm (¢ =2900M 'cm ™). This species was stable for
minutes at room temperature. When the same experiment
was performed at —40°C, a considerable gain in stability was
observed for the same species (several hours), and only
1.5 equivalents of H,0O, were sufficient for complete trans-
formation. No isosbestic points were observed when the
reaction was monitored on the basis of time-resolved UV/Vis
spectra upon the direct addition of H,O, at low temperature.
The absence of isosbestic points suggests the existence of an
additional chemical step. Conversely, when the initial solution
of 1 was first treated with HCIO, (1 equiv), we observed
a sharpening of the absorption bands of the starting material,
and the subsequent addition of H,O, led to the formation of
two isosbestic points, which indicated that no secondary
reaction took place within the considered time range
(Figure 2). The effect of acid was further investigated by the
titration of 1 with HCIO, (see Figure S1 in the Supporting
Information). A one-step transformation with only 0.5 equiv-
alents of the acid was observed, which suggests that about
50% of the methanol ligand is in the deprotonated form, as
inferred from the X-ray crystal structure. Together, these
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Figure 2. UV/Vis spectral changes of a solution of complex 1 in
acetonitrile upon the addition of H,O, at —40°C over a period of 1 h
(1]=0.1 mm, [H,0,]=1 mm, [HCIO,]=0.1 mwm).

findings support the hypothesis that 1 is first partly proton-
ated at one methanolate site and then reacts with the peroxide
to form the diiron(III)—p-1,2-peroxo intermediate; this reac-
tivity is reminiscent of that of similar iron complexes.” The
diiron(IIT)-p-1,2-peroxo intermediate was characterized by
resonance Raman spectroscopy. Raman bands were observed
at 467/477 cm ™' in the region corresponding to symmetric Fe—
O stretching and at 881/896/910 cm ™' (Fermi-coupled stretch-
ing according to Do et al.)®® in the O—O stretching region.
(see Figure S2 in the Supporting Information).

Crystallization attempts with an equimolar solution of
1 and 2 (Scheme 1) did not yield any crystal of the expected
supramolecular adduct. However, spectral changes in the
vibrational frequencies of the pendent carboxylate group of 2
clearly demonstrate the binding of 2 to the diiron core (see
Figure S3 in the Supporting Information). With the goal of the
photoreduction of the diiron(IIT) core of 1 to the diiron(II)
derivative and concomitant activation of O,, we subjected an
equimolar solution of 1 and 2 in the presence of excess TEA
as an electron donor to a cycle of deoxygenation, irradiation
at 460 nm, and exposure to O, (bubbled through the solution).
Figure 3 shows the UV/Vis spectra recorded after each cycle
and demonstrates that exposure to dioxygen, after irradiation
with light at 460 nm, generates an absorption shoulder at
about 600 nm, which suggests the formation of a new species
that does not appear in the absence of the iron complex (see
Figure S4 in the Supporting Information). The differential of
the electronic absorption spectra before and after exposure to
O, clearly shows a band at about 590 nm (Figure 3, inset). This
band is comparable to the absorption spectrum of the peroxo
intermediate chemically generated as described above, but is
slightly shifted to a higher energy. However, its maximum
matches that found for other diiron(IIT)-p-peroxo species
obtained from carboxylato bridging complexes of the same
ligand.?**! These findings support the generation of the
diiron(III)-peroxo intermediate through the cycle of excita-
tion with light and exposure to O,.

On the basis of previous studies on the reactivity of
diiron(IIT)-p-peroxo species,”!! we treated the photogener-
ated diiron(IIT)-p-peroxo species with a stoichiometric
amount of Ph;P. Mass spectrometric analyses showed the
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Figure 3. UV/Vis spectra of complexes 1 and 2 with Et;N in deoxy-
genated acetonitrile before irradiation (dashed black line), after irradi-
ation at 460 nm for 20 min (solid gray line), and after irradiation
followed by exposure to O, (solid black line; [11=0.1 mwm,

[2]=0.1 mwm, [Et;N]=10 mm, —10°C). Inset: Differential spectrum
obtained by subtracting the spectrum obtained before exposure to O,
(solid gray line) from the spectrum obtained after exposure to O,
(solid black line).

formation of Ph;PO in relatively small amounts, and further
experiments with three successive cycles of irradiation led to
about 80 % conversion of the Ph;P into Ph;PO (see Figure S5
in the Supporting Information). To confirm that the system
was able to perform multiturnover catalysis, we then treated it
with 10 equivalents of Ph;P, and the amount of Ph;PO formed
was measured by HPLC after each photocatalytic cycle.

The photocatalytic cycle involving a combination of
complexes 1 and 2 (Scheme 2) generates Ph;PO linearly as
a function of the number of cycles, and a Ph,PO concentration
of about 1.8 mM is reached after 5 cycles (Figure 4). Consid-

[Rul(bipy)sl*
hv X2
[Ru'(bipy)s]*

EtsN+ [N-EtHPTB Felll Fellj5+

[N-EtHPTB Fe'l Fe!l|3*

lo:

[N-EtHPTB Fe'l Fell(0,)1%*

2 PhgP l

[N-EtHPTB Fe!V(0) FelV(0)}3*

EtsNI

2 PhsPO

Scheme 2. Suggested mechanism for photoinduced dioxygen activa-
tion at a dinuclear iron(Ill) complex and subsequent oxygen-atom
transfer.

ering that one diiron complex can potentially generate two
iron(IV)-oxo entities (Scheme 2), this amount of Ph;PO
corresponds to a yield of about 36 %. Surprisingly, the same
experiment with complexes 1 and 3% (Scheme 1) led to an
improvement in the observed yield for the oxidation of Ph;P
to about 60% after 5cycles. This difference in reactivity
between 2 and 3 can be explained by the presence of the
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Figure 4. Production of Ph;PO from Ph;P in successive photocatalytic
cycles involving 1) deoxygenation of the solution, 2) irradiation under
a controlled atmosphere at 460 nm (20 min), and 3) bubbling of O,
through the solution (20 min): e catalysis with complexes 1 and 2;

A catalysis with complexes 1 and 3; m control without the ruthenium
complex (no irradiation); ¥ control without 1. Reaction conditions:
[11=0.5 mwm, [2] or [3]=0.5 mm, [Et;N]=50 mm, [Ph;P]=5 mm, MeCN
(solvent), room temperature.

imidazole group between the chromophore and the carbox-
ylate binding group in complex 2. Laser flash photolysis
studies on 2 showed that the imidazole group is deprotonated
in the presence of TEA, which leads to deactivation of the
Ru-based triplet state.’”) As a result, the lifetime of the
excited state of 2 is shorter than that of 3 (270 versus 670 ns;
see Figure S6 in the Supporting Information). Consequently,
considerably less photoreduced Ru' is formed by reaction
with the sacrificial electron donor (see Figure S7 in the
Supporting Information), and the yield of the reaction is
lower. Further studies on the synthesis of chromophores
bearing caboxylato groups to enhance vectorial electron
transfer are under way.

In summary, we have described the photoreduction of
a diiron(IIT) mimic of MMO in the presence of a sacrificial
electron donor. The photoreduced diiron(IT) complex reacted
with O, to generate a diiron(IIT) peroxo species that was able
to transfer an oxygen atom to a substrate.
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