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Abstract: Oxidative photocurrents measured upon irradiation by a 7-W visible light (wavelength 312—700
nm) demonstrated that the sulfo-polyoxometalate anion clusters [S;W1s0e2]*~ (1a), [S2M015062]*~ (1b), and
[SMo012,040]%~ (2) may be activated photochemically to oxidize the organic substrates benzyl alcohol, ethanol,
and (—)-menthol. In the case of catalytic photooxidation of benzyl alcohol to benzaldehyde in the presence
of 1a, quantitative electrochemical methods have identified pathways for the oxidation of reduced forms of
1 generated during the catalysis. More generally, the oxidation pathways P2~ 4+ 2H* = P~ + H, and
2P~ 4 O, + 4HT = 2P + 2H,0 have been evaluated by monitoring acidified acetonitrile solutions of
the 2e~-reduced clusters by rotating disk electrode voltammetry under anaerobic and aerobic conditions,
respectively. Neither of the reduced forms 1b(2e~) nor 2(2e~) reacted under these conditions. In contrast,
la(2e™) was oxidized via both pathways, consistent with its more negative redox potential, with the rate of
oxidation by air-oxygen being significantly faster than that by H*. The present work demonstrated that the
crucial step necessary to oxidize reduced catalyst in photocatalytic reactions involving the anions studied
may be achieved or accelerated by application of an external potential more positive than the first redox
potential of the polyoxometalate anion. Voltammetric analysis revealed that this in situ electrolytic
regeneration of the reduced catalyst is an option that leads to a viable photoelectrocatalytic pathway, even
when the H and O, pathways are not available.

Introduction being less prone to redox degradation than catalysts containing

In recent years, catalytic oxidation processes based on©9anic ligands.
polyoxometalate redox chemistry have received considerable Liquid-phase catalytic oxidation involving polyoxometalate
attention as environmentally and economically viable alterna- anions is being addressed currently by four principal lines of
tives to classical stoichiometric methods, which use powerful research. Several groups have investigatg@,ts an oxidant
oxidants such as chromate, permanganate, lead dioxide, nitric(Ventruello/Ishii chemistry}®92 The second approach has
acid, and hypochlorité Apart from their ready availability and ~ employed mixed-addenda heteropolyanions such agMiB\s—n-
their low toxicity, these cluster anions have the attraction of Os®™~ in electron-transfer redox-type oxidatioli<:3A third
category has used a lacunary or unsaturated Keggin het-
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yielding a metal-substituted heteropolyoxometalate catadyst.
The fourth type focuses on photooxidation promoted by
polyoxometalate anion$>

Irradiation of specific clusters with visible or near-ultraviolet
light can promote a range of oxidation reactions that are
thermodynamically or kinetically unfavorable in the dark. Key
factors for the establishment of effective catalytic processes
include identification of the active species and efficient catalyst
regeneration and recovery. Peroxo compléi@%and intact
polyoxometalateshave been identified as the active species in
the HO, systems. Excited states of intact polyoxometalate
anions operate in the photocatalytic systémsOxidation of

the reduced catalyst is an important step in photocatalysis and

has been investigated to a limited degree 8fl¥-8 These
studies employed U¥vis, NMR, ESR, IR, gas chromatogra-
phy, and labeling techniques to show that (i) the catalytic cycle

Electrochemical studies have established that many polyoxo-
metalate anions can undergo a series of reversible redox cycles
involving electron- and proton-transfer reactiéh8The present
work has investigated systematically the nature and reactions
of reduced forms of the anionS,M¢067]4~ (M = W,%210
Mo1Y) and [SMo;040)2 912 using in situ voltammetric
techniques. At the same time, the concept of electrolytic
regeneration of the photocatalysts (eq 7) has been examined as
an alternative to the £H" regeneration pathways (egs 5 and
6), which are often thermodynamically or kinetically unfavor-
able.

pAT . P 4 2g” (7)

The use of voltammetric techniques has allowed a detailed

study of the nature and redox chemistry of the anions to be

can be closed at the expense of molecular oxygen or hydrogenundertaken at low concentrations during the course of phOtO-

ions and (ii) the ease of oxidation (regeneration of catalyst)
varies considerably between different cluster anions.

The essential reactions for a photocatalytic pathway are
summarized in formal eqs-16, which contain the simplification
of an overall two-electron oxidation of general substrate SH
by the polyoxometalate aniomP.

kEDA

P + SH, P"--:SH, (EDA complex formation) (1)

P .SH, <= [P --SH,* (photoexitation)  (2)
[P"-+-SH,J* Ly Shp 4 (electron transfer)
3)

PMY” 4 sH — P"2” + S+ HT  (radical reaction) (4)
237 4+ 0,4+ 4H" — 2P + 2H,0 (oxidation) (5)
(6)

Equation 1 represents formation of the electron-demaceptor
complex with rate constarkzpa. Light is represented biw,
andkgr is the electron-transfer rate constant. Regeneration by

Pt 4 ot — P 4+ H, (oxidation)

O, (eq 5) may generate a number of reduced oxygen species

(H20, H,0,, HO,).8d The emphasis in most of the studies de-

scribed to date has been on the efficiency of the steps leading

to substrate oxidation (eq—13) rather than on the nature and

role of the reduced forms of the cluster anions (egs 3, 5, and 6).

(4) (a) Neumann, R. Ifransition Metals for Organic SynthesiBeller, M.,
Bolm, C., Eds.; Wiley-VCH: Weinheim, 1998; Vol. 2, p 331. (b) Anderson,
T. M.; Hardcastle, K. I.; Okun, N.; Hill, C. LInorg. Chem.2001, 40,
6418. (c) Neumann, R.; Abu-Gnim, @.Am. Chem. Sod99Q 112 6025.

(d) Faraj, M.; Hill, C. L.J. Chem. Soc., Chem. Commu®87, 1487. (e)
Hill, C. L.; Brown, R. B.J. Am. Chem. S0d.986 108 536.

(5) (a) Hiskia, A.; Mylonas, A.; Papaconstantinou,&em. Soc. Re 2001,

30, 62. (b) Hill, C. L.; Prosser-McCartha, C. M. Photosensitization and
Photocatalysis Using Inorganic and Organometallic Complex&aslya-
nasundaram, K., Geal, M., Eds.; Kluwer Academic Publishers: Dordrecht,
The Netherlands, 1993; Chapter 13, p 307. (c) Renneke, R. F.; Pasquali,
M.; Hill, C. L. J. Am. Chem. S0d99Q 112 6585. (d) Sattari, D.; Hill, C.

L. J. Chem. Soc., Chem. Comma@9Q 634. (e) Hill, C. L.; Buchard, D.

A. J. Am. Chem. S0d.985 107, 5148.

(6) (a) Duncan, D. C.; Chambers, R. C.; Hecht, E.; Hill, C. LJAAmM. Chem.
Soc.1995 117, 681. (b) Ballistreri, F. P.; Tomaselli, G. A.; Toscano, R.
M.; Conte, V.; Di Furia, FJ. Mol. Catal. 1994 89, 295. (c) Salles, L.;
Aubry, C.; Thouvenot, R.; Robert, F.; Donéeux-Morin, C.; Chottard, G.;
Ledon, H.; Jeanin, Y.; Bgeault, J.-M.Inorg. Chem.1994 33, 871. (d)
Salles, L.; Aubry, C.; Robert, F.; Chottard, G.; Thouvenot, R.; Ledon, H.;
Brégeault, J.-MNew J. Chem1993 17, 367. (e) Aubry, C.; Chottard, G.;
Platzer, N.; Bfgeault, J.-M.; Thouvenot, R.; Chauveau, F.; Huet, C.; Ledon,
H. Inorg. Chem1991, 30, 4409. (f) Dengel, A. C.; Griffith, W. P.; Parkin,
B. C.J. Chem. Soc., Dalton Tran$993 2683.
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chemical reactions with organic substrates, and consequently
their potential as homogeneous oxidation catalysts has been
evaluated for the first time.

Experimental Section

Reagents.Acetone (Aldrich, HPLC grade, 9%®%), acetonitrile
(Merck, HPLC grade, 99.9%), benzyl alcohol (BDH), benzaldehyde,
ethanol (BDH, 95-96%), (—)-menthol (Aldrich), and ferrocene (BDH)
were used as supplied by the manufacturers. The electrolytes, tetra-
hexylammonium hexafluorophosphate (H€RF;) and tetrabutylam-
monium hexafluorophosphate (BNPFs), were prepared as described
in ref 13a. The polyoxometalates, [BN]4[S;W10s2],%2 [HEXaN]4[S,-
M01062],%° [HexsN]o[SM01:04(], 22 [HexaN]e[P2W14062], % and [BuN]s-
[PW1204q],%¢ were synthesized according to procedures reported in the
literature.

Instrumentation and Procedures. Solution-phase voltammetric
experiments using stationary macrodisk electrodes were carried out in
a standard three-electrode arrangement with a glassy carbon (GC) disk

(7) (a) Khenkin, A. M.; Hill, C. L. Mendelee Commun.1993 140. (b)
Neumann, R.; Gara, Ml. Am. Chem. S0d995 117, 5066. (c) Neumann,
R.; Khenkin, A. M.; Juwiler, D.; Miller, H.; Gara, MJ. Mol. Catal.1997,
117, 169. (d) Mizuno, N.; Nozaki, C.; Kiyoto, I.; Misono, M. Am. Chem.
S0c.1998 120, 9267. (e) Zhang, Z.; Chen, Q.; Duncan, D. C.; Lachicotte,
R. J.; Hill, C. L. Inorg. Chem.1997, 36, 4381. (f) Zhang, X.; Chen, Q;
Duncan, D. C.; Campana, C. F.; Hill, C. Inorg. Chem1997, 36, 4208.
(g) Ben-Daniel, R.; Khenkin, A. M.; Neumann, Rhem. Eur. J200Q 6,
3722

(8) (a) Harrup, M. K.; Hill, C. L.Inorg. Chem1994 33, 5448. (b) Hiskia, A.;
Papaconstantinou, horg. Chem1992 31, 163. (c) Neumann, R.; Levin,
M. J. Am. Chem. S0d.992 114, 7278. (d) Duncan, D. C.; Hill, C. LJ.
Am. Chem. Socl997, 119, 243. (e) Khenkin, A.; Neumann, RAngew.
Chem, Int. Ed200Q 39, 4088. (f) Khenkin, A.; Weiner, L.; Wang, Y.;
Neumann, RJ. Am. Chem. So2001, 123 8531.

(9) (a) Richardt, P. J. S.; Gable, R. W.; Bond, A. M.; Wedd, A.IGorg.
Chem.2001, 40, 703. (b) Way, D. M.; Bond, A. M.; Wedd, A. Gnorg.
Chem.1997, 36, 2826. (c) Maeda, K.; Himeno, S.; Osakai, T.; Saito, A.;
Hori, T. J. Electroanal. Chenml994 364, 149 and references cited therein.
(d) Himeno, S.; Maeda, K.; Osakai, T.; Saito, A.; Hori, Bull. Chem.
Soc. Jpn1993 66, 109 and references cited therein. (e) Casan-Pastor, N.;
Baker, L. C. W.J. Am. Chem. S0d.992 114, 10384. (f) Piepgrass, K.;
Barrows, J. M.; Pope, M. T1. Chem. Soc., Chem. Comma@89 10. (g)
Harmalker, S. P.; Leparulo, M. A.; Pope, M. J. Am. Chem. Sod.983
105, 4286. (h) Kozik, M.; Hammer, C. F.; Baker, L. C. W. Am. Chem.
So0c.1986 108 7627 and references cited therein.

(10) Himeno, S.; Tatewaki, H.; Hashimoto, Bull. Chem. Soc. Jpr2001, 74,
1623

(11) (a) Hori, T.; Himeno, SChem. Lett1987, 53. (b) Himeno, S.; Saito, A.;
Hori, T. Bull. Chem. Soc. JprL989 62, 2184. (c) Hori, T.; Tamada, O.;
Himeno, S.J. Chem. Soc., Dalton Tran$989 1491.

(12) (a) Vu, T.; Bond, A. M.; Hockless, D. C. R.; Moubaraki, B.; Murray, K.
S.; Lazarev, G.; Wedd, A. Gnorg. Chem.2001, 40, 65. (b) Hori, T;
Himeno, S.; Tamada, Ql. Chem. Soc., Dalton Tran4996 2083. (c)
Himeno, S.; Miyashita, K.; Saito, A.; Hori, TThem. Lett199Q 799.

(13) (a) Fry, A. J. InLaboratory Techniques in Electroanalytical Chemistry
2nd ed.; Kissinger P. T., Heineman, W. R., Eds.; Marcel Dekker: New
York, 1996; p 481. (b) Hussey, C. L. lhaboratory Techniques in
Electroanalytical Chemistry2nd ed.; Kissinger P. T., Heineman, W. R.,
Eds.; Marcel Dekker: New York, 1996; p 529.
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Figure 1. Apparatus used in photooxidation reaction experiments when a GC rotating disk working electrode is used for catalyst regeneration.

working electrode, a platinum wire as the counter electrode, and an
Ag/Ag* (MeCN, 10 mM AgNQ) double-junction reference electrode. Potentiostat Pt auxiliary
Unless otherwise stated, experiments were conducted at ambient / electrode

temperature (2@ 3 °C) under nitrogen. The glassy carbon electrode J-T N, purge

Ag/Ag” ref.

area of 0.071 cAwas determined by measurement of the peak current
electrode

value obtained for reversible one-electron oxidatiba @ mM solution

of ferrocene by cyclic voltammetry and the Randi&gvcik equatioA?® sReu;zﬁz

I,=0.4 463(13’2F3’2/R1’2T1’2) ADY2C)Y2 ®)
. Pyrex cell
. . . GC working <—— containing

wherel, is the peak current (A is the number of electrong, is the electrode test solution

electrode area (cfy D is the diffusion coefficient (taken to be 2:3
10%cn? sY), Cis the concentration (mol cr), v is the scan rate (V

s 1), and the other symbols have their usual meaning. Electrode
potentials are quoted relative to the Ag/Agr the ferrocenium/ Light-
ferrocene redox couple (F-C; Ecrcy = Engiaghy — 0.1 V). Rotating source
disk electrode (RDE) experiments used the same electrode configuration
as for stationary solution ones, except that the glassy carbon disk
working electrode was rotated by a variable-speed rotator (Metrohm
628-10).

In one configuration, polyoxometalate catalyst regeneration experi-
ments using in situ electrolytic oxidation at a constant direct current
(dc) potential were carried out in Pyrex cells using a cylindrical platinum
gauze basket counter electrode which was separated from the tes
solution by a porous glass sinter, a GC rotating disk working electrode,
and the same reference electrode as employed in the voltammetric
experiments (Figure 1). Alternatively, electrochemical regeneration of ~ Irradiation of samples with light at 3t2700 nm or at specific
the catalyst was achieved by a large surface area Pt gauze basket place@velengths was achieved using a Polilight PL6 (Rofin) light source
in the Working electrode Compartment of the cell shown in Figure 1. fitted with filters and a flexible ||qU|d ||ght guide. The total power Output
In either configuration, voltammetric monitoring of the course of these Of the lamp at the end of the liquid light guide was, according to the
bulk electrolysis regeneration experiments was undertaken using themanufacturer’'s specification, 7 (at 31200 nm), 0.37 (340 nm), 0.48
rotating disk electrode, and light was introduced from the top of the (425 nm), 0.82 (450 nm), 0.58 (505 nm), and 0.54 W (530 nm). Use
cell. of light in the visible range of 312700 nm allows the photochemically

Detection of photocurrents associated with oxidation of photoreduced induced reactions of [HaX]s[SM01204q], [BuaN]4[S;W:1¢0¢2], and
cluster anions was undertaken using the “thin-layer” solution cell design [HexaN]4S,M01g0s] to be conveniently undertaken in cells constructed
shown in Figure 2. In this case, light was introduced from the bottom from Pyrex glassware. A few experiments were undertaken with a

Figure 2. Schematic diagram of the experimental arrangement used in the
thin-layer photoelectrochemical experiments.

of the electrochemical cell, and the solution layer thickness was used
ff'lt a constant value. The same cell was used in each experiment. The
photochemical currents were detected voltammetrically in a 2-mm layer
of solution with a stationary GC electrode held at a constant dc potential.

J. AM. CHEM. SOC. = VOL. 125, NO. 33, 2003 10135
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Table 1. Reversible Half-Wave Potentials (E12, mV vs Fc™/Fc%)2 Determined by Voltammetric Techniques for the First Four Reduction
Processes (1 mM MeCN Solutions) of [SM012040]2~ (0.1 M HexsNClOy), [S2M018062]*~ (0.1 M BusNPFg), and [SaW18062]4~ (0.1 M

BU4NC|O4)b
process 1 Eyp(MV) process 2 Eyp (MV) process 3 Eyp (MV) process 4 Eyp (MV)
la [S2W14062]*5~ —235 [SW15067% —615 [SW18067 %7 —1180 [SW15062] &~ —1570
1b [SzMO]_gOﬁz]4/‘rr +100 [&Molgoazl 5/6- —135 [&M018062]6/77 —795 [&MOJ_sOaz]W& —1070
2 [SM012040 203~ +230 [SMQ_2040 34— —-190 [SMQ_2040 45— —-790 [SMQ_2040 5/6- —1370
aSee refs 9al(@), 9b (1b), and 12a2) for details.? GC electrode (3 mm)y = 100 mV s'%.

conventional high-power (1000 W) light source in a Rayonet reactor
(Southern New England Ultraviolet Corp.) in order to increase the rate
of photolysis.

The products of photooxidation were identified by gas chromatog-
raphy (Varian 3700; fused silica capillary column 30 QCB/M5 and
packed-column Carbowax 20% SE 30) using anisole as an internal
standard and GC/MS (Agilent 6890 series (GC), Agilent 5973 Network
mass-selective detector (MS); HP 5 MS cross-linked 5% PH ME
siloxane column, 30 nx 0.25 mmx 0.25um).

Photoelectrochemical voltammetry experiments were carried out
using a Voltalab PGZ 301 (Radiometer) electrochemical system. A
BAS100B (Bioanalytical Systems) electrochemical workstation or a

Table 2. Oxidative Photocurrents,? /, for 1, [P2W150e2]°~,
[PW12040]%~, and 2 and Substrates (0.1 M) upon Irradiation with
7-W Light of Wavelength 312—700 nm

| (uA)
anion BzOH EtOH MentOH
laP 0.79 0.12 0.27
1bP 0.45 0.20 0.38
2° 4.0 0.29 0.31
[P2W1g062% P 0.08 d d
[PW15040]3~ P 0.14 d d

aData obtained in the thin-layer electrochemical cell configuration shown
in Figure 2.2 0.5 mM polyoxometalate anion in MeCN (0.1 M BNPF).

Cypress Systems (model CYSY-1R) computer-controlled electroanalysisc 0.5"mm polyoxometalate anion in acetone (0.1 M kNRFs). 4 Not

system was used in other voltammetric experiments.
Results and Discussion

Redox Processeskecent voltammetric studies have shown
that [ReN]4[S:M 18067 {M = W, R = Bu (1a);°3aM = Mo, R
= Hex (1b)%d.110.13 and [HexN]2[SMo1,040] (2)°¢122undergo

determined.

photooxidation of organic substrates, for which rates of oxidation
are limited in the absence of light.

Numerous reports describe the catalytic application of
polyoxometalates (mainly phospho-Keggin anions [RM

a series of highly reversible (pH-dependent) reduction processesp,gd-).1deg25¢e The photoexited states of and 2 are

(eq 9a,b) and that salts of intensely colored (green or blue)-
and 2e (blue)-reduced products can be isolated in substance
by bulk electrolysig?a.14a.15

_ te- _ te- _ te-
[SM0,0,q” T_[SMOHOM)]B T_[SMOHOM]A -
yellow green blue

_ + -
[SMo;,0,4° % [SMo,,0,J°" (9a)

+e- +e-

[SZM 18062]4_
orange

[SZM18062]57 =
green (M= Mo) ~°
blue (M= W)
_ + _ + _
[SZMbllsoef —=[S;M3405)"" ==[S,M1405)"" (9b)
ue

—€

where M= Mo, W

Table 1 summarizes the reversible potentials verstugHee
for the first four one-electron processes observed in MeCN for
1 and2. The Dawson aniodais much harder to reduce than
its Mo analoguelb or the Keggin anior2. However, this also
implies that the reduced forms @& will be easier to oxidize

promising candidates for photochemical oxidations, and pre-
liminary studies are availablé.In the present workl and?2
were examined as catalysts for the photooxidation of benzyl
alcohol (BzOH) E)* = 2.12 V), ethanol (EtOH)E* = 3.0 V,
shoulder), and-t)-menthol (MentOH) E)* = 2.4 V)18 The
irreversible peak potential for the oxidatitﬁ’;}x values quoted
above are considerably more positive than the ground-state
reversible potentials of the anions (Table 1).

Initial Experiments. MeCN or acetone solutions (0.1 M Bu
NPFg) of the anions (0.5 mM) and the organic substrates (100
mM) were exposed to light in the electrochemical cell thin-
layer solution configuration shown in Figure 2. To measure the
photocurrent, the potential of the GC working electrode was
set more positive than the reversible values of the anions (Table
1) but less positive than the electrochemical oxidation potentials
of the substrates discussed above. In each experiment, dark and
illuminated periods were of-22.5 min duration. The currents
listed in Tables 2 and 3 are estimated from the intersection of
straight-line plots obtained from the initial steep rise in
photocurrent (2660 s) and the slowly rising section of the
current-time plot obtained after the initial steeply rising period

to the starting ion, which is favorable for a catalytic cycle. Upon until the light was switched off. As expected, at this potential
irradiation with light, the photoexcited-state redox potentials of no current was detected in the absence of light, but the current
la and other polyoxometalates have been shown to becomeflow detected when the light was switched on (Figure 3a)
considerably more positive compared to the dark ground indicated that photooxidation of the substrate occurred with

stateli®a16As will be shown in this studylb and2 also exhibit
this property, rendering each anion a suitable agent for the

(14) (a) Way, D. M.; Cooper, J. B.; Sadek, M.; Vu, T.; Mahon, P. J.; Bond, A.
M.; Brownlee, R. T. C.; Wedd, A. Glnorg. Chem.1997, 36, 4227. (b)
Cooper, J. B.; Bond, A. M.; Oldham, K. B. Electroanal. Chem1992
331 877. (c) Himeno, S.; Osakai, T.; Saito, A.; Maeda, K.; Hori,JT.
Electroanal. Chem. Interfacial Electrochert992 337, 371.

(15) (a) Richardt, P. J. S.; White, J. M.; Tregloan, P. A.; Bond, A. M.; Wedd,
A. Can. J. Chem2001, 79, 613. (b) Cooper, J. B.; Way, D. M.; Bond, A.
M.; Wedd, A. G.Inorg. Chem.1993 32, 2416.
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concomitant reduction of the anion. For comparative purposes,

(16) Balzani, V.; Bolletta, F.; Gandolfi, M. T.; Maestri, M.op. Curr. Chem.
1978 75, 1.

(17) (a) Eklund, J. C.; Bond, A. M.; Humphrey, D. G.; Lazarev, G.; Vu, T.;
Wedd, A. G.; Wolfbauer, GJ. Chem. Soc., Dalton Tran$999 4373. (b)
Bond, A. M.; Eklund, J. C.; Tedesco, V.; Vu, T.; Wedd, A.18org. Chem.
1998 37, 2366. (c) Bond, A. M.; Way, D. M.; Wedd, A. G.; Compton, R.
G.; Booth, J.; Eklund, J. Anorg. Chem.1995 34, 3378.

(18) Peak potential data vs HE&c by voltammetry at a GC electrode in MeCN
(0.1 M BwNPF) using a scan rate of 100 mV's
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Table 3. Wavelength-Dependent Photocurrents,? Inm, for 1, [P2W15062]°~, [PW12040]3~,% and 2¢ and Organic Substrates (0.1 M)

anion/substrate l3s/NA W1 lipsMA WL laso/NA WL Isos/MA W1 Is3/nNA WL Amainm
1a/BzOH 592 d 315 440 433 252,300 (sh)
1b/BzOH 243 79 193 243 191 217, 310 (sh)
2/BzOH 1935 823 1098 1414 1281 315
[P2W1¢062]~/BzOH 24 d ca. 9 ca. 9 <9 255, 294 (sh)
[PW12040]3~/BzOH 59 d ca. 12 ca. 12 <9 265
1a/EtOH 54 <10 70 90 74
1b/EtOH 87 42 77 116 122
2/EtOH 211 d 106 124 102
la/MentOH 130 ca. 10 55 79 76
1b/MentOH 192 d 63 52 39
2/MentOH 181 ca. 19 146 176 137

aQObtained in the cell shown in Figure 20.5 mM in MeCN, BuNPF; (0.1 M).€0.5 mM in acetone, HeXlPFs (0.1 M). 9 Below detection limit.
i Literature values of ©M charge-transfer bands in the absence of substrkderef 20;1b, refs 11a, 14a2, ref 12c; [PW15062]%~ and [PW2O40] 3, ref
I
Significantly larger photocurrents were always observed
(Table 2) for BzOH relative to primary and secondary aliphatic
alcohols, consistent with the relative ease of oxidation of
BzOH2° Data for photocurrent magnitudes obtained at different
wavelengths (for the same solutions) are summarized in Table
3, with a representative data set for BzQbidisplayed in Figure
3b. Examination of the data reveals that all of the sulfo anions
exhibit significant photocurrents in all of the visible regioh (
= 340-530 nm), which implies that light absorbance by highly
colored reduced forms also contributes to the photocurrent. The
sulfo anions also show considerably greater photocurrents than
0 200 400 500 800 1000 the phospho anions in the visible regioh=t 450-530 nm),
t/sec which explains why much smaller photocurrents are obtained
relative to the case when the sulfo anions are irradiated with
by ] light encompassing the wavelengths of most of the visible region
024.] 450 nm (312-700 nm, Table 2).

] Voltammetric Monitoring of the Photooxidation of Benzyl
Alcohol with 1a under Anaerobic Conditions. Equation 10
formally describes the two-electron oxidation of BzOH to
benzaldehyde, assuming tHatacts as a 2eacceptor and that
the reduced anion binds the liberated protons (eqs 3 and 4).
For catalysis to proceed (eq 11) under these conditibasjust
be regenerated via eq 12.

(a) 1.0

05 Il’g/ht off

0.6

I/ pA

0.4

0.2li

0.0

CeH-CH,OH + [S,W 0]

0 200 400 600 800 1000 1200 1400 1600 C6H5CHO + [SZW18060(OH)2]4_ (20)
t/sec
h

Figure 3. Oxidative photocurrents obtained in the thin-layer electrochemical C¢H:CH,OH - CH;CHO+H, (11)
cell configuration depicted in Figure 2, with a 3-mm GC electrode held at
a potential of 0.21a) and 0.4 V (b) (vs Ag/Ag"), respectively. (a) For 4 4
1a A =312-700 nm at 7 W. (b) Folb at specific wavelengths and light [Szwlsoeo(OH)z] - [SZW18062] +H, (12)
intensities (see Experimental Section). Anion and benzyl alcohol concentra-
tions in MeCN (0.1 M BuNPFs) were 0.5 and 100 mM, respectively. Conversion of substrate to benzaldehyde was followed by

gas chromatography, while the fates b& and H" were
photocurrents in the presence of the well-known anions monitored by rotating disk electrode voltammetry (RDEV) and

[P.W1d062]6~ and [PW2040]3~ also were measured under the CYclic voltammetry (CV) over the potential ranges fref.15
same conditions. to —1.0 V and from 1.2 to—2.2 V vs Ag/Ad", respectively.
Changes in the polyoxometalate redox state were reflected in
The magnitude of oxidative photocurrents,) detected in  RDEV experiments by noting the position of the limiting current
the thin-layer configuration represents a large fraction of the plateaux relative to zero currenk, (Figure 4), while the
reduction currentsl ), detected when a constant dc potential magnitude of the limiting current determined the concentration.
was applied at a value corresponding to the limiting current |nformation on the net concentration of the hydrogen ions
region of the reduction process in the dali/(req = 0.65 (L), generated in eq 10 and consumed in eq 12 can be obtained from
0.59 (Lb), 0.5 ). This implies that extensive photoconversion
to the one-electron or more highly reduced form of the anions (19) Appropriate blank experiments confirmed that (i) the solvents are not

. o photooxidized, (ii) redox reactions do not occur in the dark, and (jii) anodic
occurred under these thin-layer conditions. photocurrents are not detected in the absence of substrates.
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Scheme 1
[8,W,,0,1"

0 e [S:Wis0s]" +¢& = [S;Wis06]” +& = [S;W1506]"

H Y

[S2W15061(OH)]" + & == [S,W 306, (OH)™
-50

1/uA

H

[S2Wi5Oso(OH)2]"

-1007 in neat MeCN (0.08 mM BiNPFs), voltammetric studies of
1a (0.9 mM) as a function of G§SO;H concentrations (0.18
3.6 mM) were conducted (see Figures 5 and B After the
E/mV vs AgiAg" addition of approximately 0.68 mM of GBEQzH, the first two
(8, 0gil” 1e reductions converted into a reversible 2Eocess at a more
positive potential. In the presence of 1 mol equiv of acid, the
RDEV exhibits two fully developed 2ereduction processes
followed by a third less developed process, which also becomes
a 2e process upon further addition of acid. A cyclic voltam-
mogram scanned over the potential range frém5 to —1.5
0 lo V (v = 500 mV s1) in the presence o£1.8 mM of acid
exhibits three chemically reversible redox processes at signifi-
cantly more positive potentials (4@47 mV) than in the absence
of acid (Figure S1). Reduction waves at more negative potentials
also coalesce into multielectron processes.
-50- The proton concentration dependence in neat MeCN differs
4000 800  -600 400 200 O 200 from that reported in MeCN/water (95:5), where the first two
E/mV vs Ag/Ag® redox couples remain as-1lprocesses in the presence of 4 mol
equiv of acid a1 mM; HCIOs: 4 mM).°2 This difference
implies that, in neat MeCN, the one- and two-electron-reduced
anions [SW1g067]°~ and [SW1¢062]®~ are relatively more basic
and hence more readily protonated. Reaction Scheme 1, extend-
ed from earlier studie® can therefore be employed as a simple
model to describe the acid-dependent behavior in neat MeCN.
The photooxidation of BzZOH b¥awas studied at a substrate-
to-polyoxometalate concentration-ratio of BzQi:= 3:1 in
deoxygenated MeCN solution (0.05 M BIPFs) using the
312—-700 nm visible light source. A low-intensity light source
(7 W) was used to slow the rate of product formation so that
catalyst regeneration pathways could be detected conveniently
0 I, by voltammetric methods. Reference data (e.g., Figure 5)
— . enabled the magnitude of currents and voltammetric wave
-800 -600 -400 -200 0 200 shapes obtained during the course of the photochemical reaction
E/mV vs Ag/Ag” to be interpreted in terms of redox level and concentration of

) - . . the polyoxometalate as well as acid concentration.
Figure 4. Position of zero currentp, in RDE voltammograms obtained at . . .
a GC electrode from MeCN (0.1 M BNPF) solutions containing 1.6 mM The observed variation of oxidation currents as a function of
[SoW1g067]"". v = 10 mV s, N, = 1000 rpm. time is shown in Figures 6 and 7. The shape, but not the position
of zero current in the RDE voltammogram obtained after 26.5
the potential at which various polyoxometalate processes areh of irradiation (curve e in Figure 6A) is similar to that seen
detected and from the Shapes of voltammetric waves Whenfor la (09 mM) alone after addition of 0.45 mM of acid (Figure
protons are present. 5). Due to partial reduction ola, however, the maximum
The influence of hydrogen ion concentration on the voltam- |imiting current is detected at 188A in the range of 6-0.2 V
metry of the anions in MeCN/water (95:5) has been reported ys Ag/Agt. These observations are consistent with initial
preViOUSly?a_e'lAAddition of acid causes the first four reversible reduction ofLlaand concomitant generation Of*‘HaS predicted
le™ processes observed fbib®® to coalesce into two reversible, by eq 10. Remarkably, during the course of the next 25 h of

overall 2e processes at more positive potentials. Similar exposure to light, there was a decrease in oxidation
behavior occurs for the third and fourth-1processes ofa.®2

As a consequence of the hydrogen ion concentration dependenceo) Richardt, P. J. S. Ph.D. Thesis, University of Melbourne, Melbourne,

T d T v T d T d T T T d T
-1000 -800 -600 -400 -200 0 200

50

1/ pA

100 + [Szwwfsoezl6

I/ pA

50

B P iad ; Victoria, Australia, 2000.
and_t_he_ dlffe_rent baS|CIS|ty dfa,b, complex r_edox/protonanon (21) CRSGOsH behaves as a strong acid in MeCN: Fujinaga, T.; Sakamoto, I.
equilibria exist for each systef14aTo obtain reference data J. Electroanal. Cheml977, 85, 185.

10138 J. AM. CHEM. SOC. = VOL. 125, NO. 33, 2003



Photooxidation Promoted by Sulfo-polyoxometalates ARTICLES

revealed that the total voltammetric curremt, remained
0 constant, as expected for quantitative reduction and oxidation
cycles.
501 L The value of the voltammetric method of monitoring the
course of the photochemical process, as introduced in this study,
s is that it directly addresses the issues of (i) time-dependent
< -1001 changes in polyoxometalate redox levels, (ii) detection of the
= - no acid added oxidation of reduced anions, and (iii) the role of the protons
As0l T 0.45 mM acid released during the dehydrogenation of BzOH and regeneration
' ' ....0.68 mM acid of the photocatalyst. This approach complements previous
200 7 e 0.9 mMacid studies by NMR, IR, UV~vis, and labeling techniquég$23
which addressed the nature of the oxidizing species, i.e., whether
the cluster anions themselves, or rather fragments or isomers
-250 1000  -800  -600  -400 200 O 200 in equilibrium with the intact anion, were the active components.
E/mV vs Ag/Ag" The voltammetric methods provide evidence that support the
Figure 5. RDE voltammograms at a GC electrode after addition of-CF con_cept that the anions ConSidered i_n this StUdy_remain intact
SOH to [SW:1067]4~ (0.9 mM) in MeCN (0.08 M BuNPFy). » = 10 mV during the course of the photooxidation of organic substrates,
s, Ny = 1000 rpm. and that the role of the anions in the catalytic cycle involves

changes which are related solely to variation in redox and
current back toward zero (Figure 6B), consistent with reduced protonation levels (eq 9, Scheme 1).
forms of 1a being oxidized back to starting material. Further- Oxidation of Reduced Polyoxometalate Anions by @and
more, the wave shapes and the total magnitude of the (pre-H+ The above study was conducted under a nitrogen atmo-

dominantly reduction) current{(= —248uA, Figure 6B,t = sphere in order to restrict the catalyst regeneration pathway to
46 h) were now similar to those observed for the purely yeaction with protons (Blevolution, eq 6) rather than withO
reductive 1e processes &t= 0 (It = —228uA, Figure 6A), (eq 5). Oxidation of reduced polyoxometalates by reaction with
consistent with the H concentration being decreased. The protons or @ has been reported in other studies where catalysis
voltammetric data indicate that, as the concentrations'odurtl is observedi5es8.23a24 The data available from electronic

of reducedlaincrease, the rates of eqs 13 and 14 increase (n°tespectroscopy, laser flash photolysis, and gas chromatographic
their relationship to general eq 12 and to Scheme 1). techniques indicate that the ease with which the reoxidation takes

place depends significantly on the class of the polyoxometalate
[S;Wy606o(OH),]*™ — [SW, 061 +H, (1) anion involved. Oxidation of reduced polyoxovanadates and
-molybdates by both H and Q was found to be both
[S;W,606,(OH)I*™ — [S;W, 061"+ ,H,  (14)  thermodynamically and kinetically unfavorable, whereas reduced
polyoxotungstates underwent facile oxidatRSit is also clear
Ultimately, it appears that protons generated from the from these studies that the;@athway is generally faster than
oxidation of BzOH are consumed at a faster rate than they arethe H" pathway?*-5¢.85
generated via the photochemical pathway. The oxidation of RDE voltammetry was used to study the redox behavior of
reduced forms ofla via the related reduction with water have the two-electron-reduced forms of anions (prepared by bulk
been suggested previously to explain the instability of the 2e  electrolysis in MeCN solutiod$*142.15¢in the presence of acid.
reduced form [8WV1g065]8~ in MeCN solution®a In these experiments, stirred solutions (35mM) containing
Evidence for the existence of an oscillating sequence causedbetween 1.5 and 4 mM GBO;H or HBF, (54 wt % in EtO)
by the disparity in the relative rates of generation and loss of were either exposed to air or maintained under nitrogen. RDEV
H* is provided by the color changes (eq 9b), by monitoring of behavior was monitored’(= 10 mV s%; N, = 1000 rpm) as
I values as a function of time (Figure 7), and by wave shape a function of time. For the solutions containing the reduced
analysis (Figure 6). However, while the concentrations 6f H Dawson1b(2e”) or Keggin 2(2e”) anions, no change in the
and both oxidized and reduced formslafoscillated, a steady =~ RDE limiting current data or wave shapes was observed over
conversion of BzOH into benzaldehyde occurred (Figure 7). 24 h, either in the presence or in the absence of air (oxygen).
The oscillating process continued until, after 200 h, the solution This indicated that, under the specified conditions, oxidation
consisted of 53% benzaldehyde, 4% benzoic acid, and 43%of these 2e-reduced anions according to the general equations
unreacted BzOH? 5 and 6 is either kinetically very slow or not thermodynamically
In summary, voltammetric data imply that, upon generation viable. This result is in agreement with other studies on
of sufficiently high concentrations of H the oxidation processes  heteropolymolybdate;8b.24c
in eq 13 and 14 occur at a sufficiently fast rate to lower the  In contrast, the dependence of baflj and the wave shape
[H*] and regenerate photoactive, which in turn increases  on time demonstrated thdia(2e™) is oxidized slowly in the
the rate of the photochemical process. Thus, due to thepresence of both £and H" under aerobic conditions (Figure
regeneration ofla, the reaction can be classified as catalytic.
Voltammograms recorded during the course of the reactio

n (23) (a) Yamase, T.; Takabayashi, N.; Kaji, M. Chem. Soc., Dalton Trans.
1984 793. (b) Papaconstantinou, E.; Dimotikali, D.; Politou, lAorg.
Chim. Actal198Q 46, 155.

(22) We have detected formation of benzaldehyde by an unknown mechanism (24) (a) Argitis, P.; Papaconstantinou, E. Photochem1985 30, 445. (b)

in blank experiments where MeCN solutions of BzOH have been irradiated loannidis, A.; Papaconstantinou, BEorg. Chem.1985 24, 439. (c)
in the absence dfa. However, this pathway is suppressed when the anions Papaconstantinou, B. Chem. Soc., Chem. Comma@82 12. (d) Akid,
are present in solution. R.; Darwent, J. RJ. Chem. Soc., Dalton Tran$985 395.
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Figure 6. RDE voltammograms and limiting oxidative currents observed after BzZOH (0.15 mim@)W1¢062]*~ (0.05 mmol) in 10 mL of MeCN (0.05
M BusNPF;) was exposed to visible lighi (= 312—700 nm) for a designated period of time= 10 mV s1, N, = 1000 rpm. (A) Voltammograms obtained
during the period wheda was being reduced and [fiwas increasing. Reaction time and oxidative limiting current values were (a) 1u#3¢) 2 h/60
uA; (c) 4 hi87uA; (d) 21.5 h/165uA; (e) 26.5 h/188uA. (B) Voltammograms obtained during the period whimwas being recovered and {Hwas

decreasing.

8A) and by H™ only under anaerobic (Figure 8B) conditions.
Analysis of RDEIX vs time plots (Figure S2) indicates that

lim

the rate of aerobic oxidation is considerably faster than the rate

isolated salts [BiN]s[S,W1067] (stable) and [BuN]e[SW16062]
(unstable)t52

Information relating to changes in {flagain could be derived

of anaerobic oxidation, again consistent with observations on from analysis of the time dependence of the shapes of the RDE

related systemid24d The data obtained in the present study
indicate clearly that the concentration of fHis important to
both catalyst regeneration pathways.

Significantly, the rate of oxidation fota(2e™) slows at the
stage when the Tereduced anioria(le™) is formed (Figure
8). Unlike 1a(2e7), la(le) appears to be stable under low-
acidity conditions, in agreement with the stabilities of the

10140 J. AM. CHEM. SOC. = VOL. 125, NO. 33, 2003

voltammetric curves. As oxidation dfa(2e”) proceeded, the
initial wave shape found in the presence of acid, corresponding
to an overall 2e process, slowly resolved into two well-
separated Teprocesses, similar to those observed under acid-
free conditions (Figure 8), but with different positions of zero
current. This clearly indicated that consumption of protons
occurred consistent with eqs 5 and 6, respectively. The reaction
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Figure 7. o data at a GC electrode and % benzaldehyde formation as a function of time for the photooxidation of BzOH (0.15 mmol) in the presence of
[S2W18062]4~ (0.05 mmol) in 10 mL of MeCN (0.05 M BINPFs) under N. 4 = 312-700 nm,» = 10 mV s'%, N, = 1000 rpm.

t=0; 120 pA

pathway with HBR (54 wt % in EO) as a proton source under ~ (A) 1201
anaerobic conditions is shown in Figure S3 and even more ]
clearly reveals transformation from a2grocess in the presence 807
of acid to complete resolution into two well-separated 1e 7
processes, as found for an acid-free medium. These experiments 407
further support the view that an oxidation pathway for regenera- g 1
tion of catalyst involving consumption of protons and¢ H = o]
evolution (eq 12) is available. ]
Although the photochemical reaction between BzOH aad 0]
presented in Figure 7 was conducted under a nitrogen atmo- ]
sphere, oxidation of some reducgd by trace amounts of air -80-
is possible. However, the low levels of benzoic acid detected ]
by GC/MS indicate that this can be only a minor pathway. 1000 800  -600 400 200 0 200
Electrolytic Regeneration of the Catalyst.To establish an E /my va AgiAg®
efficient catalytic cycle, rapid regeneration of the catalyst is
crucial. In the case of polyoxometalate anions, this can become (B) 120, t=0,120 A
the rate-limiting step of the overall reaction when pathways such ]
as reoxidation via B or molecular @ are kinetically or 80"
thermodynamically unfavorabéSe.8ac According to the data ]
obtained in this study, this limitation also holds for anibey 40
e.g., complete oxidation of its reduced forms requiree-28
h (Figure 7) under the controlled conditions which imposed a 01
slow rate of substrate conversion. A more rapid method for —
regeneration of the catalyst was sought by applying an electrode -407
potential slightly more positive than that used in the first 7
reversible redox process of the particular polyoxometalate anion. -807
To probe the feasibility of in situ electrolytic regeneration of
a polyoxometalate catalyst, the photooxidation of BzOH in the
presence of catalytic amounts b& (6 mol %) was studied as 1000 -800 -600 -400  -200 0 200
a model system. A solution dfa (1.8 mM) and BzOH (30 mM) E/mV vs AgiAg’

n M?CN .(10 mL’. suppprtmg electrolyte [BN]PF, 0'05. mM) Figure 8. RDE voltammograms obtained at a GC electrode during the
was |rrad|§ted with VI.SIb|e I.|ght .(31—2700 nm) at 23”Q in the course of aerobic (A) and anaerobic (B) oxidation aM&s0e:]°~ (2 mM)
electrolysis cell depicted in Figure 1. The experiment was i, the presence of 2 mM of GBOsH in MeCN 0.05 M BuNPRy). v = 10
conducted in three stages, with samples analyzed by gasmv s N, = 1000 rpm. (A)t/I (minjuA) values: (a) 30/69.3, (b) 55/57.5,
chromatography and voltammetric measurements undertaken atc) 120/37, (d) 150/35. (BY!I (min/uA) values: (a) 30/109, (b) 60/105, (c)
various times. In the first stage, the reaction mixture was 120/97, (d) 150/91, (e) 180/86, (f) 210/83, (g) 240/78, (h) 300/71.

no acid added

2mM acid; t=0

b
,,Cg
f
)
h:

;71 pA

1/ pA

no acid added

2mMacid; t=0
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Figure 9. Dependence of RDE voltammograms obtained at a GC electrode
during photolysis for 20 h followed by photolysis with in situ oxidative
electrolysis to recovela Solution conditions: BzOH (30 mM) antla

(1.8 mM, 6 mol %) in 10 mL of MeCN (0.05 M BINPFg). v = 10 mV

s 1 N; = 2500 rpm.

irradiated without applying an external potential to the working

resolved one-electron waves converted progressively into an
overall two-electron wave, as did the second well-resolved pair
of one-electron processes. Previous studies on the effect of
protons on the voltammetry db in MeCN and in MeCN/HO
(95:5), respectively, reported positive shifts Bqy, values of
magnitudes similar to those found in this studyg,, > 300
mv)_gb,d

The photooxidation of BzOH with catalytic amounts 1
was examined under conditions equivalent to those employed
above forla In the absence of electrochemical regeneration,
intense green/blue-colored solutions were observed, together
with steady increases in the concentrations of benzaldehyde,
protons, and reduced forms @b. For this anion, neither the
H* nor O, regeneration pathway is available, so the electro-
chemical approach remained as the only option available for
the regeneration of the catalyst. As fba, the catalyst could
be regenerated by in situ electrolysis, and benzaldehyde
continued to form while the reaction solution remained yellow/
orange, indicative of the continuous presence of the oxidized
form. The oxidation current detected in RDE measurements
remained close to zero over time periods of up to 20 h. The
electrochemical method therefore can be used to create catalytic

electrode. As expected, a blue color developed, and oxidative pathways for polyoxometalate anions such Hs that are

currents detected voltammetrically indicated the generation of
reduced forms ofla (Figure 9). In the second stage, the blue
solution was subjected to controlled potential electrolysis (CPE)
at+0.2 V (vs Ag/Agh) to achieve the oxidation of all reduced
forms of the catalyst back to f8/15067]%~ (Table 1, Scheme
1). After complete oxidation ofla, the Pt gauze anode was
replaced with a glassy carbon RDE, and irradiation of the
solution continued. However, during this third stage of the
experiment, the potential of the working electrode was continu-
ously held at+0.2 V (CPE) and rotated at, = 2500 rpm.
Over a period of 19 h, the solution remained almost colorless,
consistent with the continuous presence of the oxidized form
[S;W14062]*~, whereas the oxidation of BzZOH to benzaldehyde

continued to occur. Consistent with the absence of a blue color,

only negligible oxidative currents<2 uA) were detected in
the RDE voltammograms (Figure 9). It was concluded that

of 1la formed in the photoreaction occurred at the surface of
the rotating working electrode. Regeneratedvas swept back
into the bulk solution, where it could again participate in the

otherwise not suitable for catalytic processes involving catalyst
regeneration with oxygen or hydrogen ions.

In addition, the photoactivity of the Keggin anidhwas
examined for the first time. This anion also exhibits reversible
electrochemistry¢12abQxidation of both EtOH and BzOH to
the aldehydes was observed in acetone solution, with the rate
varying linearly with light intensity. Our present work reveals
that2 also promotes the selective photooxidation of BzOH and
EtOH into the respective aldehydes with generation of protons
(eq 15).

RCH,OH + [SMo,,0,J* — RCHO+ [SM,,0,J*” +
2H" (15)

It is clear from consideration of the results obtained from all

. . S - of these experiments that the principle of in situ electrolytic
under these conditions, rapid oxidation of the reduced species p P P y

regeneration of a reduced polyoxometalate catalyst will apply
to a wide range of photooxidation reactions when the polyoxo-
metalate redox processes are reversible.

Solvent-free reactions are environmentally attractive alterna-

phOtO“?dOX reacthn. In this form Pf photoelectrochemlcgl tives to those carried out in classic organic solvents. Although
catalysis, regeneration of the catalyst is a simple electrochemicaly,o quaternary cation salts examined here are insoluble in

step, and protons generated in the photochemical step {eg)s 1
are not expected to be consumed. In contrast, both thartd
O, pathways for catalyst regeneration lead to a decreasetin [H

alcohols, aldehydes were detected after exposure of heteroge-
neous mixtures of liquid BzOH or EtOH and the polyoxometa-
late anions to artificial or diffuse natural daylight. The charac-

The changes in the shapes, positions, and heights of theyistic color change associated with the reduction of the

voltammetric waves when the catalyst is electrochemically
regenerated are consistent with a steady increase ifj [H
(compare Figures 5 and 9).

Photooxidation Reactions with [HexN]4[S;M01g0s7] (1b)
and [BusN]2[SM01204q] (2). Protonation experiments were also
undertaken withLb in neat MeCN solution. The two-electron-
reducedlb(2e”) was generated in situ via CPE frath (2 mM)
in MeCN (0.1 M BuNPF;) and 4 mM of CESO;H added
(Figure S4). Addition of acid leads to the characteristic behavior
of 1b and 1b(2e”) observed in MeCN solution after addition
of sufficient aqueous HCIEPP Thus, the first two initially well-
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polyoxometalate anions occurred (visual inspection) in the
anions but not in the liquid phase.

Conclusions

The anions [8WV180s2]*, [S2M018062]*~, and [SM012040]%~
promote the photooxidation of organic substrates such as benzyl
alcohol, ethanol, and<)-menthol. Electrochemical methods,
RDE voltammetry in particular, have proven to be valuable in
monitoring the course of these photoredox reactions and confirm
the presence of reduced forms of the anions and the formation
of protons. Regeneration of the catalyst via oxidation Bya
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Scheme 2
SHy; hv [P™--- SHI
Sox + 2H"
photo- oxidation
exitation
pn- p(n+2)-
»,
re-oxidation
Aoy: H'; Oy; or electrode potential
Hy; H0; or 2e”

S = organic substrate

0O, was possible for the P8Vig067]4 system, but not for
[S2M01g062]4~ and [SMQ2O40)2~. However, in all cases a
catalytic cycle may be achieved by conducting experiments in

The slow rates of substrate conversions observed in the
present study arise from the low intensity of the light source
used (see Experimental Section) and long light path lengths.
These reaction conditions permitted detailed electrochemical
analysis of proton generation and consumption and of variation
of redox and protonation states of the cluster anions. Conver-
sions of BzOH of >50% can be achieved under the same
conditions in less than 30 min when a 1000-W light source is
used in combination with a mirror arrangement for the effective
reflection of the light beam (see Experimental Section). This
indicates that, when electrochemical regeneration of the catalyst
is used (a rapid process), the light-dependent steps become rate
determining. Synthetic applications will require efficient pho-
tochemistry via modified conditions including high-intensity
light source, thin-layer cell, and efficient porous carbon channel
electrode for catalyst regeneration.
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external potential.

JA029348F

J. AM. CHEM. SOC. = VOL. 125, NO. 33, 2003 10143



