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Immobilization of a High-Valent Rhenium Complex on an Indium-Doped Tin-
Oxide Electrode: Enhanced Catalytic Activity of a trans-Dioxorhenium(v)
Complex in Electrochemical Oxidation of Alcohols
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A high-valent trans-dioxorhenium(v) complex containing py-
ridine ligands was successfully immobilized on an ITO (in-
dium-doped tin-oxide) electrode. The complex formed a mo-
nolayer structure on the electrode surface and promoted
electrochemical catalytic oxidation of 1-phenylethanol to
acetophenone in CH,Cl,. Oxidation hardly occurred in

CH,Cl, solution containing the free rhenium(v) complex. Im-
mobilization of other high-valent metal complexes will pre-
sent opportunities for design of functional electrodes with
high activities.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

One of the most effective strategies in the development
of novel molecular devices such as sensors and nanosized
catalysts is to immobilize redox- and photo-active metal
complexes on semiconductor electrodes by utilizing their
well-defined structure.['l Several ferrocene derivatives”l and
Rel!,B1 Os™ 4 and Ru'™ B! complexes have already been im-
mobilized on electrodes and have effectively mediated elec-
tron- and charge-transfer processes. Although most of the
metal complexes operating in previous electrode systems
were limited to those of low oxidation numbers, a few stud-
ies have immobilized high-valent compounds.

trans-[ReVYO5(pys)s] " (pys = pyridine derivatives) com-
plexes have interesting features as redox- and photo-active
catalysts, such as: 1) one-electron oxidation of the ReVO,
complexes affords higher-valent ReV1O, cores;[®! 2) the two
oxygen atoms attached to the Re center are responsible for
electrochemical oxidation of organic molecules;[”l and 3)
they exhibit microsecond long-lived luminescence based on
d-d transitions in the visible region.” We have prepared the
novel complex trans-[ReO,(L)4]PF¢ [1]PF¢ (L = 3-pyridine-
carboxylic acid) containing free carboxylic acid groups
(Figure 1). Such high-valent ReY complexes have rarely
been immobilized. Herein we investigate the immobilization
of a series of ReY complexes on ITO (indium-doped tin-
oxide) electrodes and their catalytic activity in the oxidation
of 1-phenylethanol and related alcohols (Scheme 1).
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Figure 1. Suggested structure of [1]*

Results and Discussion

In electrochemical experiments, complex [1]* shows a re-
versible redox wave assignable to a ReY"Y couple at 0.90 V
vs. Fe/Fc* in CH;CN. The complex was immobilized on
ITO®! electrodes by three different methods. Electrode A
was modified by dipping the ITO electrode into a CH;CN
solution of the [1]PF4 complex (2 X 10~ m) for several
days. Electrodes B and C were modified by combining the
[1]JPF¢ complex with aminoethyl- and aminomethylphos-
phonic acids by inserting them into the space between the
surface of the electrodes and the [1]PF4 complex. In elec-
trode A, [1]" can connect with the ITO surface through
carboxylate ester bonds [Sn—O—C(O)-] and hydrogen
bonds [Sn=0--HO-C(O)-], as observed for the adsorption
of ruthenium complexes containing free carboxylic acids
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Scheme 1. trans-Dioxorhenium complex [1]7> immobilized on an
ITO electrode and electrochemical oxidation of 1-phenylethanol
to acetophenone

onto metal oxides such as SnO,, TiO,, and In,0;.°M In
electrodes B and C, however, [1]" can connect with the am-
ino groups of the spacer compounds through peptide bonds
[-NH—-C(O)-], and these units, in turn, connect with the
ITO surface through phosphate ester bonds [Sn—O—P(O)-],
as reported for the adsorption of ruthenium complexes
containing free phosphonic acids onto these metal ox-
ides.[’>29] The only difference between electrodes B and C
is the length of the methylene chain: P—CH,—CH,—N for
electrode B and P—CH,—N for electrode C. The electrode
performances were characterized by cyclic voltammetry.
The three electrodes A—C exhibit the same redox potential,
E\p, of ReY"Y, but with different peak-to-peak separations
(AE, = E,, — E,). Electrode A shows a somewhat larger
peak separation of 0.11 V than electrodes B and C (AE, =
0.05 V). The electrodes also exhibit somewhat different sur-
face stabilities. After the electrodes were rinsed for one
hour, the current intensity of ReY"V decreased by 15% for
electrode A, but decreased by only 5% for electrodes B
and C.

The electron-transfer process of electrode B, as charac-
terized by cyclic voltammetry, was typical (Figure 2). The
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Figure 2. Cyclic voltammetry of modified electrode B: scan-rate
dependence at 25, 50, 75, 100, 150, 200, 250, 300, 350, and 400
mV-s~! (left) and linear correlation of current against scan rate
recorded in CH,Cl, containing 0.1 M BuyNPF; (right)
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intensities of the anodic and cathodic currents are directly
proportional to the increase in scan rate up to 300 mV-s™!;
they gradually saturate as the rate increases above 350
mV-s~!. Since electrodes A and C show similar electro-
chemical behaviors despite their different construction, the
redox processes in these systems must be confined to the
surface. The surface coverages of the complexes were calcu-
lated by coulometric measurements at 1.2 V. The surface
areas were estimated as 2.5 X 107!° mol/cm? for electrode
A, 1.9 X 1071 mol/cm? for electrode B, and 1.8 X 10710
mol/cm? for electrode C. Although the crystal structure of
[1]PF¢ is not available, the limiting surface coverage was
roughly estimated as 2.9 X 107!° mol/cm? by assuming that
spheres based on the bond lengths and angles reported for
trans-[ReO,(4-picoline)4JReO, are packed on a flat surface,
and neglecting counteranions.'” Similar surface coverages
have been reported for monolayered electrodes with Ru
complexes: [Ru(2,2'-bipyridyl),(2,2'bipyridyl-4,4’-dicar-
boxylic acid)?™ = 1.5 X 107'° mol/em%! and [Ru(2,2'-
bipyridyl),(2,2'bipyridyl-4,4'-diphosphonic acid)]?* = 2.5
X 1071° mol/cm?.”) Thus, the employed Re"Y complex [1]*
is believed to form a monolayer structure on the ITO elec-
trode surface.

The modified electrodes exhibit interesting catalytic be-
havior in the electrochemical oxidation of I-phenylethanol.
As shown in Figure 3, the intensity of the oxidation current
corresponding to ReY"V increases in the presence of 8.2
mMm 1-phenylethanol (see b in Figure 3). Further addition of
the alcohol substrate (total 24.5 mm) led to a further in-
crease in the oxidation current, and a corresponding de-
crease in the reduction current (see ¢ in Figure 3). Electroly-
sis was carried out at 1.2 V until no oxidation current was
observed, and the reaction mixtures were then characterized
by GC-MS and HPLC methods, which indicated that 1-
phenylethanol had been converted into acetophenone. Elec-
trochemical oxidation of this alcohol hardly occurred in
CH,Cl, solution containing the free complex [1]*, in which
a glassy carbon electrode having the same surface area as
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Figure 3. Cyclic voltammetry changes of modified electrode B in
CH,Cl, upon addition of 1-phenylethanol (a: 0 mM, b: 8.2 mm, ¢:
24.5 mm), and complex [1]PF4 in CH,Cl, upon addition of 1-phen-
ylethanol (inset, d: 0 mM, e: 810 mm)
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the employed ITO electrode was used. Also, the current
intensity only increased slightly, even in the presence of a
large excess of 1-phenylethanol (810 mm) (see inset ¢ in Fig-
ure 3). Electrodes B and C exhibit higher turnover numbers
(TON) and current efficiencies in the oxidation of 1-phenyl-
ethanol than electrode A. Table 1 compares the catalytic
profiles of the three modified electrodes. The spacer inser-
tion enhances the catalytic activity of the trans-dioxorheni-
um(v) complexes.

Table 1. Catalytic oxidation of 1-phenylethanol by modified elec-
trodes A—C

Modified electrode A B C
TONI 900 1300 1200
Current efficiencyl® 65 85 80

[al Turnover number (product mol/complex mol). [°! 2e™ per sub-
strate.

The rate constants for the system v = k[ReY on elec-
trodes][1-phenylethanol] of electrodes A—C were roughly

determined to be about 1 M~ ! s™! using Equation (1)

i = nFAKT,C, (1)

where n = number of electrons, F = Faraday constant,
A = surface area, I', = surface coverage, k = rate constant,
and C, = concentration of substrate, which has been pre-
viously applied to heterogeneous systems.!'l The current
intensities independent of the scan rates were entered as i
in this equation. Since these three electrodes have almost
identical surface coverages and rate constants, their cata-
lytic activities must depend on the presence, or absence, and
nature of the spacers introduced between the electrode sur-
face and complex [1]™.

These electrodes also catalyze the oxidation of 1-heptanol
and 2-propanol to give I-heptanealdehyde and acetone,
respectively. Although the detailed mechanism is unclear,'?
the catalytic cycles may contain redox and acid-base reac-
tions of the frans-ReO, unit as suggested in a trans-
[ReOs(py)s]™ system,[’l in which the active ReV! state was
significantly involved (Scheme 1).

Conclusion

We have presented the first example of high-valent metal
complexes immobilized on an electrode surface. The trans-
dioxorhenium(v) complexes immobilized on the electrode
surface enable catalytic oxidation of 1-phenylethanol to ace-
tophenone with high turnover and high current efficiency.
A combination of high-valent metal complexes with elec-
trodes could provide a new generation of electrochemical
catalysts.

4552 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Experimental Section

trans-|ReO,(L)4]PF¢ ([1]PF¢; L = 3-pyridinecarboxylic acid): A sus-
pension containing [ReOCIl3(PPhs),] (0.50 g, 0.60 mmol) and 3-
pyridinecarboxylic acid (1.80 g, 12 mmol) in acetone/H,O (20:1
v/v) was refluxed for 90 minutes to give an orange solution. After
filtration, the orange solution was concentrated to 5 mL. After sil-
ica-gel column chromatography (CH;OH eluent), addition of
NH4PF¢ (300 mg, 1.80 mmol) in H,O (10 mL) gave an orange pow-
der. The collected powder was dried in air (yield: 126 mg, 22%).
Ci3,H;36FsN4O,PRe (967.84): caled. C 39.71, H 3.75, N 5.79. found
C 39.79, H 3.89, N 5.42. ESI-MS: m/z = 823 [M — PF¢]". IR: v =
799 em™! vio—re—0)- 'H NMR (300 MHz, [D¢]DMSO): § = 2.52
(t, J = 7.7 Hz, 8 H, CH,), 2.81 (t, / = 7.4 Hz, 8 H, CH,), 7.49 (t,
J =58Hz 4 H, py), 7.74 (d, J = 7.7 Hz, 4 H, py), 8.84 (d, J =
5.8 Hz, 4 H, py), 8.92 (s, 4 H, py) ppm. UV/Vis (CH3CN): 1 =
430 nm (¢ = 1250 M~ -cm™ 1), 346 (19800), 254 (15600).

Preparation of ITO Electrodes: Before surface modification, each
ITO electrode was washed with a 5:1:1 solution of H,O, H,0,, and
NH4OH and thoroughly rinsed with purified water. After heating
at 120 °C for 60 minutes, the electrode was cooled and stored under
dry N,.

ITO Electrode A: The dried ITO electrode was dipped in a CH;CN
solution of [1]JPF, (2 X 10~* m) for several days. The electrode was
then rinsed in ethanol to remove the adsorbed salt.

ITO Electrodes B and C: The dried ITO electrode was dipped in a
CH;CN solution of aminoethyl- or aminomethylphosphonic acid;
after 24 hours, the electrode was picked up from the solution. The
electrode on which the phosphonic acid was immobilized was again
dipped in a solution of complex [1]PF4 (2 X 10~* M) in the presence
of four equivalents of DCC (1,3-dicyclohexylcarbodiimide) as a
coupling agent for 3—4 days. The electrodes were then rinsed in
ethanol to remove the adsorbed salt; in the absence of DCC the
complex was not immobilized.
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