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bstract

Previous studies on the mechanism of decatungstate photocatalyzed reactions of aliphatic alcohols and of aromatic hydrocarbons in the presence
f oxygen suggest that in the corresponding reactions of aryl alcohols, direct electron transfer can compete with hydrogen-atom transfer. A
ombination of steady-state (O consumption measurements under continuous photolysis) and of time-resolved (laser flash photolysis) techniques
2

ave been used to investigate the decatungstate photocatalyzed oxygenation of benzyl alcohol, 1-phenylethanol and 1-deuterium-1-phenylethanol.
ased upon a series of observations (quantitative formation of peroxide, primary kinetic isotope effect) and the detailed examination of kinetic
arameters derived from an extensive kinetic study, it is concluded that aromatic alcohols react by a hydrogen-atom transfer mechanism.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The polyoxotungstate W10O32
4−, which is among the

ost photochemically active polyoxometalates and appears
o exhibit especially interesting properties as photocatalysts,
as been intensively studied over the past 15 years or so
1–17]. Several aspects of the mechanism of photocatalysis by
ecatungstates may be considered as established in acetonitrile
Scheme 1).

Illumination of W10O32
4− leads to the formation of a locally

xcited ligand-to-metal charge transfer state W10O32
4−* that

ecays in less than 30 ps to an extremely reactive nonemissive
ransient [2], which has been referred to as wO [3]. This latter
pecies, which is a relaxed excited state, exhibits oxyradical-like
haracter due to the presence of an electron-deficient oxygen

enter, and is the reactive species in photocatalytic systems, has
lifetime τwO of 65 ± 5 ns in the case of sodium decatungstate

nd its quantum yield of formation ΦwO is 0.57 [3,10]. Transient
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Hydrogen-atom transfer

bsorbance measurements at 780 nm have shown that wO pos-
esses an extraordinary reactivity towards virtually any organic
ubstrate XH [3–11]. The decay profile at this wavelength fol-
ows second-order kinetics, and fails to reform the baseline
fter wO decay in many cases. This behaviour demonstrates the
xistence of a third intermediate, which was identified as the one-
lectron-reduced form (RF or H+W10O32

5−) of the catalyst (i.e.,
10O32

5− or its protonated form HW10O32
4−) by comparison

ith RF spectrum obtained by electrochemical reduction [2a] or
ulse radiolysis [3]. Previous studies involving a wide variety of
rganic substrates suggested that quenching of wO may occur by
ydrogen-atom abstraction (HA) and/or electron transfer (ET)
echanisms depending of the chemical nature of XH [3–15]. In

ny case, both mechanisms give rise to the same one-electron-
educed species, and to the corresponding substrate-derived
adical. Both RF and X• were shown to react with molecular
xygen to regenerate the active form (W10O32

4−) of the cata-
yst, and to give the substrate derived hydroperoxide (XO2H or

2O2), respectively [3,4,6,8–10]. Additionally, it was suggested

hat XO2H can also be formed during interception by molecular
xygen of intermediate HA or ET complexes ([H+W10O32

5−,
•] and [W10O32

5−, XH+•], respectively) [10], as shown in
cheme 1.
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In this work, we will focus on the mechanism of decatungstate
xygenation of aromatic alcohols. Previous studies with
liphatic alcohols suggested that quenching of wO occurs by
ydrogen-atom abstraction. For example, it has been shown
hat the reactivity of different alcohols, linear and branched,
ary over two orders of magnitude for alcohols expected to
ave similar oxidation potential but containing hydrogen atoms
f different bond-dissociation energy [3]. However, with eas-
ly oxidizable substrates such as aromatic hydrocarbons [11]
nd alkenes [10], direct electron transfer can compete with
ydrogen-atom transfer and even become the dominant pathway,
s demonstrated by correlations of wO quenching rate constants
ith substrate redox properties. One can thus expect that, in

he reaction of aromatic alcohols, HA and ET mechanisms may
imultaneously contribute to the photochemical transformation.
uch a competition has already been recently described in a
ecent investigation of decatungstate photocatalyzed oxygena-
ion of a series of aliphatic hydrocarbons including cyclohexene,
series of hexene isomers, and their saturated counterparts [10].
ate constants for alkenes were shown to correlate with substrate

onization energy (IE), while those for the corresponding alkanes
ere found to be significantly lower, and independent of IE. It
as demonstrated that alkenes react by a combination of HA and
T mechanisms, whereas alkanes exclusively react by HA [10].
ere we will examine the mechanism of oxygenation of aro-
atic alcohols by using several complementary techniques and

oncepts. For clarity reasons, the results and the corresponding
iscussions will be presented in two parts. In Part I, continuous
hotolysis and laser flash photolysis studies on benzyl alcohol
nd deuterated or not 1-phenylethanol conclude that reactions of
romatic alcohols proceed essentially according to a HA mech-
nism, and in Part II, a kinetic isotope effects study confirms a
A process, and Hammett kinetics substantiates the existence
f a radical intermediate and support an early transition state.

. Experimental

Sodium decatungstate was synthesized and purified by lit-
rature procedures [2a]. All other chemicals were purchased

t the highest purity available from Aldrich, and were used
s received. All experiments described in this work have been
erformed in acetonitrile solution. Time-resolved spectroscopic
tudies were made at the Paterson Institute for Cancer Research

v
r
t
T

.

ree Radical Research Facility. Laser flash photolysis studies
ere made with the third harmonic of a Q-switched Nd:YAG

aser, at 355 nm. Solutions of sodium decatungstate were made
p to 1.1 × 10−4 M, corresponding to an absorbance value of
0.4 at 355 nm. The sample solution, placed in a quartz cell

aving 1 cm path length, was excited with single pulses (100 mJ)
elivered from the laser and analyzed with a pulsed Xe arc lamp.
he sample solution was replenished after each excitation flash
y way of a flow system. Spectra were compiled point-by-point
nd kinetic studies were made at fixed wavelength. Lifetimes of
he reactive transient wO were obtained by computer extrapola-
ion of the first order decay profiles recorded at 780 nm. Quantum
ields ΦRF of formation of RF were obtained from the 450 ns
bsorption at 780 nm, using the wO transient as an internal acti-
ometric standard at this wavelength, according to:

RF =
(

ODf

ODi

) (
ΦwOεwO

εRF

)
,

here ODf and ODi correspond to the transient absorbance
hange of the sample solution at 450 ns, and 0 ns after
aser pulse ignition, respectively. The extinction coefficient
RF = 7000 M−1 cm−1 of W10O32

5− at 780 nm is known
rom the electrochemical reduction of W10O32

4−, and
he quantum yield ΦwO = 0.567 and extinction coefficient
wO = 7012 M−1 cm−1 of the wO transient have been previously
btained by O2 consumption and laser spectroscopy experi-
ents, respectively [10].
The photostationary state method consists in measuring the

ate rOX of substrate photooxygenation by following oxygen
onsumption as a function of irradiation time. The correspond-
ng quantum yield ΦOX is defined according to:

OX = (number of moles of O2 consumed)

(number of einsteins absorbed by W10O32
4−)

.

ll photoreactions were carried out in an internal cylindrical
hotoreactor (volume 100 mL) illuminated with a Philips HPK
25 mercury lamp. The apparatus consists of a closed system
omprising an acetonitrile solution of decatungstate contain-
ng various amounts of substrate and about 250 mL of O2. A

igorous O2 gas stream produced by a gas pump provides for
apid circulation of the solution and supplies simultaneously
hat amount of dissolved O2 which is consumed in the reaction.
he consumption of oxygen was measured under steady-state
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rradiation using a gas buret. O2 consumption profiles generally
isplay a short equilibration period, which is due to lamp sta-
ilization and related thermal effects resulting from heating by
he lamp. Light intensities were calibrated using the photooxy-
enation of furfuryl alcohol in O2 saturated acetonitrile with
henalenone (ΦOX = 0.98 [18]) as sensitizer. The concentration
f decatungstate was sufficient to absorb all incident light. The
ntensity of absorbed light was 6.97 × 10−6 einstein s−1. Perox-
de concentrations were determined by iodometric titration [19].

. Results and discussion

.1. Steady-state photolysis
Previous studies have shown that oxygen consumption mea-
urements represent a very useful tool to investigate the reactiv-
ty of wO towards organic substrates [3,6,8–10]. Fig. 1 shows
he profiles of O2 consumption upon irradiation of oxygen-

ig. 1. Time dependence of O2 consumption measured for illumination of
xygen-saturated solutions of sodium decatungstate (5.5 × 10−4 M) in oxygen-
aturated acetonitrile: (a) in the absence (�) and presence of 1-phenylethanol
t 0.02 M (©), 0.04 M (�), 0.08 M (♦), and 0.2 M (�), and (b) in the absence
�) and presence of benzyl alcohol at 0.02 M (©), 0.05 M (�), 0.1 M (♦), and
.4 M (�).

Fig. 2. Effect of benzyl alcohol (�) and 1-phenylethanol (©) concentration
on the quantum yield of oxygen consumption measured for 5.5 × 10−4 M
sodium decatungstate in oxygen-saturated acetonitrile. The solid lines are drawn
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s accordance with the equation ΦXH
OX = (ΦOX + ΦwOK[XH])/(1 + K[XH]), with

OX = 0.047, ΦwO = 0.56, K = 9.9 M−1 for 1-phenylethanol, and ΦOX = 0.047,

wO = 0.56, K = 20.1 M−1 for benzyl alcohol.

aturated acetonitrile solutions of sodium decatungstate, con-
aining various concentrations of benzyl alcohol (Fig. 1a) and of
-phenylethanol (Fig. 1b). After a short equilibration period due
o lamp stabilization, consumption of O2 increases linearly with
rradiation time. The relative rates of O2 consumption are calcu-
ated from the slope of the linear portion of these plots. They can
e converted into quantum yield values by comparison with the
ate of O2 consumption for phenalenone-sensitized oxygenation
f furfurylic alcohol (quantum yield 0.98 [18]). Fig. 2 shows that
he quantum yield for O2 consumption, ΦXH

OX, increases progres-
ively with increasing concentration of substrate, and that the
alue in the absence of substrate ΦOX remains finite, confirming
hat acetonitrile itself acts as a substrate for wO.

These data can be used to derive the rate constant kXH for reac-
ion between wO and aromatic alcohols, because the experimen-
al quantum yields can be described by the following expression
3,6]:

(ΦwO − ΦOX)

(ΦwO − ΦXH
OX)

= 1 + K[XH],

here ΦwO is the quantum yield for formation of wO and
= kXHτwO is the Stern–Volmer constant. From nonlinear least-

quares analysis of the experimental data it may be deduced that
he values of K are 20.1 M−1 and 9.9 M−1 for benzyl alcohol
nd 1-phenylethanol, respectively, and that the common values
f ΦOX = 0.047 and of ΦwO = 0.56 obtained for the two sub-
trates are identical to those previously found [10].

Illumination in the presence of O2 seems likely to result in
ormation of peroxides and/or hydroperoxides derived from the
rganic substrates and from consumption of O2; and it has been

hown that decatungstate catalyzes conversion of propan-2-ol
nto acetone and hydrogen peroxide in essentially quantitative
ield [3]. Fig. 3 shows the profile for oxygen consumption and
eroxide formation as measured for decatungstate catalyzed
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Fig. 3. Correspondence between the number of moles of oxygen consumed
(open symbols) and of peroxide formed (solid symbols) during continuous illu-
mination of sodium decatungstate (5.5 × 10−4 M) in air-saturated acetonitrile
in the absence (©) and presence of benzyl alcohol at 0.01 M (�), 0.2 M (♦),
and 0.8 M (�). Inset: correspondence between the number of moles of oxygen
consumed (circle) and of peroxide formed (square) during continuous illumi-
n
a
0

p
a
2
c
p
f

t
m
t

g
t
i
c
a
m
n
t

Fig. 4. Effect of benzaldehyde concentration on the rate of oxygen consumption
measured for sodium decatungstate at 5.5 × 10−4 M in oxygen-saturated ace-
tonitrile. Inset: time dependence of O2 consumption measured for illumination
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ation of sodium decatungstate (5.5 × 10−4 M) in oxygen (open symbols) and
ir (solid symbols) saturated acetonitrile in the presence of 1-phenylethanol at
.8 M.

hotooxygenation of benzyl alcohol at different concentrations
nd of 1-phenylethanol in acetonitrile. As in the case of propan-
-ol, the initial variations are linear, and except at low substrate
oncentrations, for which a noticeable contribution of direct
hotooxygenation of solvent is expected, the rate of peroxide
ormation is equal to the rate of O2 consumption.

This result confirms the mechanism proposed in Scheme 2 in
he case of benzyl alcohol, which involves the intermediate for-

ation of peroxy compound and is kinetically indistinguishable
o that previously suggested for aliphatic alcohols [3].

Until now, we have (i) considered the kinetics of photooxy-
enation of substrates only in terms of initial rate of O2 consump-
ion and peroxide formation, an approach which is very useful
n elucidating the mechanism of complex reactions such as pro-
esses in which oxygen is involved [8], and then (ii) implicitly

ssumed that the primary products were stable. In reality, the pri-
ary products of a photocatalyzed reaction can rapidly generate

ew products according to a cascade of secondary processes if
hey are unstable in the reaction medium [8]. These consecutive

Scheme 2.
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f oxygen-saturated solutions of sodium decatungstate (5.5 × 10−4 M) in ace-
onitrile in the presence of benzaldehyde at 0.025 M (�), 0.05 M (©). (�) Like
�) but without decatungstate.

eactions may be of thermal and/or of photochemical nature. In
he decatungstate photocatalyzed oxygenation of benzyl alcohol,
nd for relatively high concentrations of substrate, the rate of O2
onsumption appears to be greater than expected (Fig. 4). This
bservation is related to the formation of benzaldehyde, directly
erived from benzyl alcohol, which itself is converted to ben-
oic acid under the experimental conditions, simultaneously by
ecatungstate catalyzed oxygenation and by direct absorption
f the incident irradiation (Fig. 4, inset)

rCH2OH
O2, hv−→

W10O32
4−

ArCHO
O2, hv−→

with or without W10O32
4−

ArCOOH.

his last process is well documented [20,21], and Bäckström
ound a quantum yield of about 104 for the self-photoinitiated
xidation of benzaldehyde [21].

.2. Laser flash photolysis

Fig. 5 shows kinetic traces recorded at 780 nm follow-
ng 355 nm excitation of air-saturated solutions of acetoni-
rile in the presence of variable concentrations of benzyl alco-
ol. These decays correspond to the wO transient, and yield
he data displayed in the corresponding Stern–Volmer plot
Fig. 6), whose slope yields kXH = 28.0 × 107 M−1 s−1 for ben-
yl alcohol, and, equivalently, kXH = 14.4 × 107 M−1 s−1 for
-phenylethanol and 12.9 × 107 M−1 s−1 for 1-deuterium-1-
henylethanol which corresponds to Stern–Volmer constants of
9.4 M−1, 9.9 M−1, and 7.9 M−1, respectively. kXH and K data
btained by this method are listed in Table 1. The lifetime of
O in air saturated CH3CN is 65 ns.

We also note that the absorbance baseline is generally not

eformed after wO decay. It has been previously shown that
his absorbance is due to the one-electron-reduced form of
ecatungstate, W10O32

5−, or its protonated form HW10O32
4−. It
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Fig. 5. Kinetics profiles observed at 780 nm showing decay of wO as generated
following 355 nm excitation with a 15 ns laser pulse of 5 × 10−4 M sodium
decatungstate air-saturated acetonitrile solution in the absence (a) and presence
of benzyl alcohol at 0.025 M (b), 0.075 M (c) and 0.2 M (d).
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Fig. 7. Dependence of the quantum yield for formation of the reduced form
of decatungstate, RF, on benzyl alcohol (�), 1-phenylethanol (©), and 1-
deuterium-1-phenylethanol (�) concentration, following 355 nm pulsed exci-
tation (∼20 mJ) of air-saturated acetonitrile solutions of sodium decatungstate
(5 × 10−4 M). The solid lines are drawn is accordance with the equa-
tion ΦXH

RF = (Φ0
RF + Φ∞

RFK[XH])/(1 + K[XH]), with Φ0
RF = 0.023, Φ∞

RF = 0.45,
K = 19.1 M−1 for benzyl alcohol, and Φ0

RF = 0.024, Φ∞
RF = 0.47, K = 8.1 M−1 for
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ig. 6. Dependence of the pseudo-first-order rate constant of decay of wO mea-
ured at 780 nm on benzyl alcohol (�), 1-phenylethanol (©), and 1-deuterium-
-phenylethanol (�) concentration in air-saturated acetonitrile.
s known that these species are reoxidized to W10O32
4−, by inter-

ction with molecular oxygen, or by disproportionation yielding
10O32

4− and W10O32
6−. The transient absorbance change

ecorded at 780 nm, 450 ns following laser excitation, may be

9
1
o
d

able 1
inetics parameters derived from laser flash photolysis and oxygen consumption stud

ubstrate Transient absorbance at 780 nm

wO decay W10

kXH (107 M−1 s−1) K (M−1) Φ0
RF

-Phenylethanol 14.4 9.9 0.02
-Deuterium-1-phenylethanol 12.9 7.9 0.02
enzyl alcohol 28 19.4 0.02
-phenylethanol. For clarity reasons, the solid line is not drawn in the case
f 1-deuterium-1-phenylethanol, for which we obtain Φ0

RF = 0.025, Φ∞
RF = 0.50,

= 7.2 M−1.

sed to calculate the quantum yields ΦXH
RF of formation of RF

see Section 2). Similarly to the analysis employed for the O2
onsumption quantum yields, the evolution of ΦXH

RF with sub-
trate concentration can be interpreted in terms of a generalized
tern–Volmer treatment [10]:

XH
RF = (Φ0

RF + Φ∞
RFK[XH])

(1 + K[XH])
,

here Φ0
RF is the quantum yield of formation of W10O32

5−
n the absence of added substrates and Φ∞

RF is the quan-
um yield of W10O32

5− formation at infinite substrate con-
entration. Fig. 7 shows the dependence of the quantum
ield ΦXH

RF of RF formation on aromatic alcohols concentra-
ion in acetonitrile. The kinetic analysis yields Φ0

RF = 0.023,
.024 and 0.025, Φ∞

RF = 0.45, 047 and 0.50, and K = 19.4 M−1,

.9 M−1 and 7.9 M−1 for benzyl alcohol, 1-phenylethanol and
-deuterium-1-phenylethanol, respectively (Table 1). The value
f Φ0

RF = 0.024 ± 0.02 is in excellent agreement with previous
eterminations [10] and, within the limit of experimental uncer-

ies

Oxygen consumption

O32
5− formation ΦOX ΦwO K (M−1)

Φ∞
RF K (M−1)

4 0.47 8.1 0.047 0.56 9.9
5 0.50 7.2
3 0.45 19.1 0.047 0.56 20.1
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ainty, the value Φ∞
RF = 0.5 ± 0.2 may be considered as identical

o that of the quantum yield for wO formation ΦwO = 0.57. This
ast result permits us to conclude that, contrary to the results
btained with olefins as substrates [10], the efficiency of for-
ation of RF from the intermediate geminate pairs (Scheme 1)

s close to unity for aromatic alcohols. In parallel, the reaction
athways resulting from interception of these geminate pairs
y oxygen and leading to quantitative formation of peroxides
ithout decatungstate reduction do not contribute to the over-

ll reaction. This conclusion is consistent with a hydrogen-atom
bstraction mechanism, which is confirmed by the observation
f a primary kinetic isotope effect: the ratio of the values of kXH
btained for 1-phenylethanol and 1-deuterium-1-phenylethanol
s ∼1.3 indicating carbon–tertiary hydrogen cleavage in the tran-
ition state consistent with the geminate pair [H+W10O32

5−, X•]
Scheme 1). This result can be connected to the primary kinetic
sotope effect observed for the quenching of wO by cyclohexane-
12/cyclohexanne-d12 (ratio of the values of kXH = 3.0) [5]. In
ddition, it is noteworthy that the rate constant kXH for ben-
yl alcohol is the double of that for 1-phenylethanol, just as the
umber of hydrogen atoms on the carbon atom � to the hydroxyl
roup. In this connection, it must be noticed that, with aliphatic
lcohols which are known to react by HA mechanism, wO also
ttacks predominantly C–H bonds � to an OH group (unpub-
ished results).

It is remarkable that the three values of Stern–Volmer con-
tants, obtained independently from both steady-state and time-
esolved measurements are almost identical for the aromatic
lcohols studied here (Table 1) and also for all previously investi-
ated substrates [10]. This suggests that wO quenching generally
eads to substrate oxygenation, i.e., the fraction of quenching
vents leading to substrate oxygenation equals unity in all cases,
n contrast to the singlet oxygen mediated corresponding reac-
ions [9].

. Conclusions

The present study is the realization of a collaborative work
evoted to the study of the mechanism of the decatungstate pho-
ocatalyzed oxygenation of aromatic alcohols in acetonitrile. In
his Part I, a combination of steady-state (O2 consumption mea-
urements under continuous photolysis) and of time-resolved
laser flash photolysis) techniques have been used to investigate
he photooxygenation of benzyl alcohol, 1-phenylethanol and
-deuterium-1-phenylethanol. Based upon a series of observa-
ions (quantitative formation of peroxide, primary kinetic iso-
ope effect) and the detailed examination of kinetic parameters
erived from an extensive kinetic study, it is concluded that aro-
atic alcohols react with the transient wO by hydrogen-atom

bstraction. In the accompanying paper, Part II, additional infor-

ation will be gathered: supplementary kinetic isotope effects

tudy confirms a HA process, and Hammett kinetics substanti-
tes the existence of a radical intermediate and support an early
ransition state.
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