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Preparation of Self-Assembled Monolayer of Dinuclear Iron Complex
on Au Electrode and Its Reaction with Molecular Dioxygen
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Diiron(II) complex with a new dinucleating ligand containing terminal amino group, 2,6-
bis[bis(6-pivalamido-2-pyridylmethyl)aminomethyl]-4-aminophenol (tppap) (1), [Fex(tppap)(CsHsCOO),]"
(2), was synthesized. The self-assembled monolayer (SAM) of 2, 2/Au, was prepared by the coupling
reaction between 2 and activated ester-modified Au electrode. The redox behavior of 2/Au was observed in
aqueous solution at room temperature, which suggests that 2 on Au surface has been stabilized as compared
with 2 in homogeneous solution. In addition, the redox potentials of 2/Au assignable to Fe,(ILIT)/(IILIII)
and Fe,(I1,II/IIL ) shifted to negative direction by bubbling of molecular dioxygen, which returned to the
original potential by Ar bubbling. These behaviors were reversible, suggesting that 2/Au can reversibly
bind/release molecular dioxygen in agueous solution at room temperature.
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1. INTRODUCTION an electrode surface generally become more stable than
The binding and activation of molecular oxygen that in homogeneous solution. Thus, we attempted the
(O;) by non-heme iron proteins are key processes in modification of non-heme diiron model complex on the
biological systems. A class of proteins such as electrode surface by self-assembling method.
hemerythrin (Hr) and methane monooxygenase (MMO), Herein, we report the preparation of diiron(I)
which have similar structural motif of two complex (2) with new dinucleating ligand containing
carboxylate-bridged diiron sites, have received much terminal amino group (1) and its self-assembled
interest in the past decade [1-5]. monolayer, 2/Au (Figs. 1 and 2). 2 on 2/Au was
Hr binds O, as terminal peroxide by 2¢™ reduction remarkably stable and bound with O, in aqueous
with diiron center, which can bind/release O, reversibly. solution at room temperature reversibly.
On the contrary, MMO activates O, to convert methane
to methanol under very mild condition at normal (a) ®)
pressure and room temperature. Mechanism of O,
activation by MMO is 4¢  reduction process ?/
accompanied by formation of the diiron(IV) species Q/ ""\go Qf
named compound Q, which is converted from pcroxo ° NV /0"\’/\?
intermediate [5]. CN\’S |
Numerous studies on diiron model complexes have u
much contributed to the understanding of the structural NH’
and catalytic properties of their active sites. However, 1 2

almost diiron model complexes can generate O, adduct

only in non-aqueous solution at low temperature [6-10]. Fig. 1. Schematic views of ligand 1 (a) and complex 2

For example, we previously synthesized Fe, complex ()

using dinucleating ligand [11].  This complex )

irreversibly reacted with O, to form p-peroxo complex 2. EXPERIMENTAL

in acetone at —60 °C. 'When this peroxo complex was Fe(CF;80,),-4CH,CN was prepared from iron

heated till room temperature, it was decomposed powder and CF;SO;H [18]. All other chemicals were

completely. commercially available and wused without further
The self-assembled monolayers (SAMs) on various purification.

metal or metal oxide surfaces have recently received All the manipulations for preparation of the ligand

much attention as one of the important tools in and the diiron(fI} complex were carried out under argon

nanotechnology and molecular engineering [12-17]. atrnosphere.  Ligand 1 and complex 2 were prepared by

This method allows the introduction of desired functions modification of the previous method [11, 19]. The

on the surface at the molecular scale by self-assembling detailed synthetic methods of 1 and 2 are described

of specific molecular groups such as metal complexes below:

and proteins. In addition, the molecules modified on

575



576

Preparation of Self-Assembled Monolayer of Dinuclear Iron Complex
on Au Electrode and Its Reaction with Molecular Dioxygen

Ligand 1.

2,6-Bis[bis(6-pivalamido-2-pyridylmethyl)aminomet
hyl}4-nitrophenol (0.5 mmol) was dissolved in a small
amount of dry MeOH, and thereto 10% Pd-C (catalytic
amount) and anhydrous ammonium formate (2.4 mmol)
were added.  After the reaction solution (slightly
exothermic) was stirred at room temperature for about 4
hours, a white powder was deposited. The powder and
catalyst were collected by filtration and washed with
methanol. After only the powder was dissolved in
chloroform, the residue was removed by filtration
through a celite pad. The chloroform solution was
evaporated under a reduced pressure to give white
powder, which was dried in vacuo. Yield 68.9%.
'HNMR (CDCl;, 300 MHz) § = 1.31 (36H, s, #-Bu),
3.71 (4H, s, CH), 3.75 (8H, s, CH), 6.66 (2H, s, Ar),
7.16 (4H, d, py, J= 7.5 Hz), 7.60 (4H, t, py, J= 7.8 Hz),
8.07 (4H, d, py, J = 8.1 Hz), 8.08 (4H, br, NH). MS
m/z 928.5 M +HJ".

Complex 2.

A 2 mL of MeOH solution of Fe(CF180;),4CH:CN
(0.2 mmol) was added to 2 mL of CH,Cl, solution of
TPPAP (0.1 mmol). To the resultant solution was
added 2 mL of MeOH containing CsH;COONa (0.2
mmol) and Et;N (0.1 mmol). The resultant yellow
solution was allowed to stand for several days to give
yellow crystals, which was collected by filtration,
washed with methanol and ether, and dried in reduced
pressure. Yield 34%. Found: C, 55.97; H, 5.21; N,
10.57%. Calcd. for 2(CF;S0;)MeOH: C, 55.86; H,
5.65; N, 10.54%.

Preparation of 2/Au.

The Au electrode was prepared by the evaporation of
Au (99.999%) on mica with 1,000-A thickness. The
monolayer of 3,3-dithiobis(succinimidylpropionate)
{DTSP) was prepared by immersing of the annealed Au
clectrode in acetone solution of DTSP (4 mM) for 1 min.
After rinsing with acetone and MeOH, the resultant
SAM was dipped into MeOH solution of 2 (1 mM) for

one day (Fig. 2).

Measurements.

UV-vis absorption spectra were taken on a Jasco
V-570 spectrophotometer with a UNISOKU temperature
controller. 'H NMR spectra were measured with a
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Gemini 300 MHz NMR spectrometer in CDCl; with

TMS as an internal reference standard.  Cyclic
voltammograms were recorded by ALS600A
clectrochemical analyzer with a custom-made

three-clectrode  configuration electrochemical cell.
Each voltammogram was measured in an aqueous
solution containing 0.1 M of NaCF;SO; with Ag/AgCl
reference electrode or 0.1 M of TBACIQ, in CH;CN was
001 M Ag/AgNO; in 0.1 M TBACIO, (0.6 V vs.
Fc/Fc"). The counter electrode was a coiled platinum
wire. The working electrode was a glassy carbon for
measurement of 2 in solution and a vapor-evaporated Au
for 2/Au. ESI-MS spectra were measured on a
Micromass LCT API-TOF MS with a nanoelectrospray
source. All spectra were obtained by spraying a MeOH
solution.

3. RESULTS AND DISCUSSION

3.1 Oxygenation reaction of 2 in solution

Fig. 3 indicates the UV-vis spectral change of
reaction of 2 with dioxygen in acetone at —60 °C, in
which the solution color turned from yellow to violet.
After the reaction with O,, a broad peak at Ay, = 585
nm (¢ = 3,200 M 'cm™) appeared (Fig. 3b), which was
assigned to LMCT band of the peroxo to Fe(ll) ion
based on comparison with the behaviors in similar
peroxo diiron complexes [9]. This peak disappeared
with increase in temperature (Fig. 3c), suggesting that
the peroxo complex is stable only at low temperature.

From the result of X-ray crystallography, it has been
clarified that 2 has two Fe centers bridged by two
benzoate and one phenoxo groups, and the charge of the
complex has been determined to be +2 from the
existence of one counter anion (CF;S057) [11]. The
hydrogen bond is formed between N-H site of
pivalamido group and O atom of bridging benzoate.
This hydrogen bond induces the electron delocalization
of the carboxyl group of the bridged benzoate, resulting
that the bridging benzoate group is easy to leave. From
these findings, we suggested that the oxygenation of 2
proceed via a five-coordinated species: one of two
benzoate groups has been kept by the effect of hydrogen
bonds. Similar diiron complex without pivalamido
groups did not generate peroxo adduct {20]. Thus, 2
would react with O, to generate p-peroxo complex.
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Fig. 2. Preparation of 2/Au.
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Fig. 3. UV-vis spectral change of 2 in acetone under
Ar (a), O; (b) at -60 °C, and under O, with rising
up to room temperature (¢), respectively.

3.2 Redox behavior of 2 in solution and on Au electrode

Fig. 4 shows the cyclic voltammogram of 2 in
CH,Cl,. Ome anodic wave (2e” process) and two
cathodic waves (two le” processes) were observed at E;,
=0.92 V and E, = 0.67, 0.40 V vs. Ag/Ag’, assignable
to Fe,(ILIVIILII), Fe,(ILIVILII), and Fe,(ILUI/ILII)
couples, respectively, which corresponded well to those
of the Fe, complexes with similar structures previously
reporied. Each redox process was not reversible,
suggesting that 2 in CH,Cl, is not so stable. This
instability is probably cxplained in terms of the
hydrogen bond between N-Hpivatamido and Oy The
bridging benzoate can easily release from one O site that
is not restricted by hydrogen bond, so 2 may form
several structures in solution.

The cyclic voltammogram of 2/Au in aqueous
solution showed one anodic wave (2¢™ process) and two
cathodic waves (two 1e” processes) at Ey, =~0.32 V and
E,,=-0.38,-0.55 V vs. Ag/AgCl (Fig. 5a). The linear
relationship between peak currents and scan rates
indicates that this redox process is originated from the
species immobilized on the surface. Thus, it has been
demonstrated that 2 is modified on the Au surface.
Compared to the above result in solution, these waves
were assigned to Fe,(ILIL)/(IILI), Fe,(ILII)/(ILIII), and
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Fig. 4. Cyclic voltammogram of 2 in CHyCl.

containing 0.1 M TBACIO,. Scanrateis 0.1 Vs™.

Fe,(ILIM/(ILIO) couples, respectively. Each redox
potential of 2/Au widely shifted to the negative direction
compared to 2 in solution. This shift has probably been
caused by the effect of negatively charged surface by
linking of DTSP. Similar negative shift of the redox
potential of complexes immobilized on the surface have
been reported [17].

3.3 Oxygenation reaction of 2/Au

The redox potential of 2/Au in aqueous solution
dramatically changed by bubbling of O, gas. The
waves assigned to Fe,(ILI/IILIM), and Fe,(ILHI/ILIIT)
shifted to negative direction (ca. 0.08 V) in comparison
with those before the bubbling (Fig. 5b). In addition,
these two redox potentials shifted to positive direction
by Ar bubbling and finally returned to the original
potentials.  This change was repeated reversibly.
Thus, the waves of Fig. 5b were assigned to the waves
of p-1,2-peroxo complex, Fex (O YILIVALIT) and
Fey(O)ILIV/ILIM), respectively. This finding
indicates that the reversible O, adsorption/desorption has
occurred on 2/Au in aqueous solution at room
temperature. That is, the peroxo complex of 2 became
extremely stable by modifying on Au surface. Here we
can state that complex 2 on 2/Au has behaved like the
solid state to prevent the degradation of 2; the peroxo
adduct of 2 has been stabilized in aqueous solution at
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Fig. 5. Cyclic voltammograms of 2/Au in 0.1 M
NaCF;S80; aqueous solution (a) under Ar and (b)
after bubbling of O,. Scan rate is 0.05 Vs™.

room temperature.

4. CONCLUSION

In summary, we prepared self-assembled monolayer
of diiron(IT) complex, 2/Au, and observed the interesting
redox behavior by captured molecular oxygen in
aqueous solution at room temperature. We also
succeeded in observation of its reversible oxygen
adsorption/ desorption. The immobilization of 2 onto
Au electrode surface makes it stabilize extremely. This
is the rare example that the reversible
adsorption/desorption of dioxygen has been observed by
the immobilization of the non-heme functional model
complex on the electrode.
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