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Decatungstate Photocatalyzed Electron-Transfer Reactions of Alkenes. Interception of the
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A combination of steady-state and time-resolved techniques has been used to investigate the mechanism of
the decatungstate (WDs,*") photocatalyzed oxygenation of cyclohexene, and of a series of hexene isomers,
as well as of their saturated counterparts, in acetonitrile. It is demonstrated that (i) alkenes react by both
charge-transfer and hydrogen-atom-transfer mechanisms, the former being dominant in each case; (ii) alkanes
exclusively react by hydrogen-atom abstraction; (iii) a previously unknown reaction pathway, resulting from
interception of the geminate radical ion pair by molecular oxygen, and leading to quantitative formation of
hydroperoxides without decatungstate reduction, can significantly contribute to the overall reaction; (iv) no
back-electron transfer occurs prior to separation of the geminate pair or its interception(ly tBe catalytic

activity is strongly reduced in the presence of olefins, due to the formation of very long-lived complexes
involving both one- and two-electron-reduced decatungstate; and (vi) the decatungstate anion undergoes strong
precomplexation with the reactive solvent acetonitrile.

Introduction radical3@#+12 For example, it has been shown that the reactivity
of different alcohols, linear and branched, vary over 2 orders
of magnitude for alcohols expected to have similar oxidation
potential but containing hydrogen atoms of different bond-
dissociation energyHowever, with easily oxidizable substrates

n(such as amines and aromatic hydrocarbons), direct electron

transfer (ET) can compete with hydrogen-atom transfer and even
become the dominant pathway, as demonstrated by correlations
of wO quenching rate constants with substrate redox proper-
ties®10n any case, both mechanisms give rise to the same one-
electron-reduced species, and to the corresponding substrate-
derived radical. Thus, many aspects of the photocatalytic
mechanism seem to be established from investigations carried
out during the past few yeafs!® However, several points
remain unclear, with regard to both the primary photoevents

Yand the cascade of subsequent chemical processes in the
presence of oxygen.

The first determination of the quantum yield of formation of
O, ®y0, has been performed by continuous photolysis studies,
sing the extrapolation of substrate (XH) concentration depend-

: ! XH : g
profile at this wavelength follows second-order kinetics, and ent oxygen co_nsumptuzn yieldBox” ™ to their value at infinite
XH concentration®ox.* Since the initial rates of £consump-

fails to reform the baseline after wO decay in many cases. This’] . . . .
behavior demonstrates the existence of a third intermediate, '°" and hydroperoxide forTat|on were found to be identical,
which could be identified as the one-electron reduced form (RF it was concluded thatbox™ = ®wo, and in the case of
or H'W1d0s55) of the catalyst (i.e., WO~ or its protonated 2-propanol, a vaIue_ ofb,o = 0.534 was reporteti.Later, _
form HW;Os,4), by comparison of the transient absorbance Duncan et af.determined extrapolated decatungstate reduction

spectrum with that of RF obtained by electrochemical reduétion, y:elo:i Dre”, bé/ éaier ﬂaf'h photolysis p expe’r\ilmenctjs with gy'
or by pulse radiolysié.This reduced species can be oxidized cloalkanes and 2-butanol inziaturated CECN, and arrive

back to WdOss* in the presence of oxygen with parallel at values ranging from 0.44 to 0.50. In a simplifieq kinetic
formation of peroxy specie®>”-*Previous studies with alcohols schem_e, these values e_llso represent_the quantum yleI(_j O.f wO
and alkanes suggested that quenching of wO occurs byformatlon, if the separation of the geminate pair is quantitative.

hydrogen-atom abstraction (HA) to give RF and an organic Howgver, in a 'a‘ef StudyPre™ values_ were found to be
significantly lower in aerated acetonitrile for a range of

- o — substrates, including several alcoh8laVith the exception of
* Corresponding author. E-mail: tanielian@chimie.u-strasbg.fr. . . o
* Present address: Department of Chemistry, University of Ottawa, @ féw aliphatic halocarbons, all values were found to be within
Ottawa, Ontario, Canada. 0.075 and 0.35. Differences were also found between the rate

Polyoxometalates, early-transition-metal-oxygen-anion-clus-
ters, are a large and rapidly growing class of inorganic
compounds with significant applications in a range of afeas.
One of the most promising examples is the decatungstate anio
W10035*~ which appears to be particularly interesting with
regard to the light-induced transformation of organic matetidfs.

It has been suggested that illumination ofd@s;* leads to
the formation of a locally excited ligand-to-metal charge-transfer
state WoOs,*~" that decays in less than 30 ps to an extremely
reactive nonemissive transiehtyhich has been referred to as
wO.* This latter species is a relaxed excited state, which bears
a substantial charge, and exhibits oxyradical-like character due
to the presence of an electron-deficient oxygen center. Also, it
has been suggested that wO might have a distorted geometr
with respect to WOz~ .6 Its lifetime 7,0 was reported to vary
from about 40 to 70 ns, depending on the nature of both the
solvent and the counteridn® Transient absorbance measure-
ments at 780 nm have shown that wO possesses an extraordinal
reactivity toward virtually any organic substrété? The decay
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constantskxy for quenching of wO by the substrate. For
examplekxy = 1.9 x 10® and 5.2x 1® M~1 s~ were reported

for 2-butanol and ethanol in this study, which is significantly
larger than other determinations (e.g., %910’ M~1 s71 for
2-butanof and 1.2x 10® and 6.2x 10’ Mt s for 2-butanol

and for ethanol (unpublished data)). Hence, there seems to be
a certain inconsistency with respect to both quenching rate
constants and quantum yields. Given the magnitude of these
differences, which are far beyond experimental uncertainties,
it seems probable that differences in experimental conditions
and/or employed techniques have played a non negligible role.
For example, it may be suggested that several of the observed
discrepancies, especially those concernibgx® and g™, 0 . ‘ .
could be related to the relative efficiencies of thermal back 0 10 20 30

. o . . ENERGY / mJ
reactions within solvent cages, and from freely diffusing i
intermediates. Figure 1. Pulse energy dependence of transient absorbance change

. . . . extrapolated to laser pulse ignition time, for optically matched solutions
To obtain further information on the primary photoevents, of penzophenone) and sodium decatungstat® (and ®), in
and to evaluate the uncertainties associated with the involvedair-saturated®), and N-saturated{l and ®) acetonitrile.

kinetic parameters, we have now undertaken a detailed study .

of the decatungstate photocatalyzed oxygenation of a series ofOD: correspond to the transient absorbance change of the sample
hydrocarbons by steady-state (@onsumption) and time- ~ solution at 450 ns, and O ns after laser pulse ignition,
resolved (laser flash photolysis) techniques. This approach'espectively. The extinction coefficieagr = 7000 M~* cm™*
provides quantitative data on substrate oxygenation and deca©f W1903257 at 780 nm is known from the electrochemical
tungstate reduction yields, as well as on the kinetics of wo reduction of WqOs*~® and the product®woewo of the
decay, RF formation, Quptake, and product formation. The —duantum yield®,o and extinction coefficientwo of the wO
investigation of the oxygenation of a series of alkenes and of transient was obtained from external actinometry experiments,
their saturated counterparts allows us to compare the nature ofuSing the triplet state of benzophenone in acetoniteig &
products formed in both cases, to evaluate the contribution of 65004 400 M~ cm™).1° Experiments in air-saturated and-N
ET and HA mechanisms to the overall process in each case,saturated solutions lead to significantly different values for this
and to study the importance of back-electron-transfer or Product. This is shown in Figure 1, which yields the values of
hydrogen-atom-transfer processes. Also, we report here the®woewo = 41704200 M~ cm™in air-saturated CkCN, and
unexpected formation of very long-lived complexes of the Pwo“%wo = 4705+ 200 M~ cm* in No-saturated CHCN,
decatungstate cluster with alkenes, which inhibit the photocata-Which are somewhat larger than previous o!etermmaﬁéﬁs.
lytic activity of W10s,%~ and have not been observed with any USing ®wo = 0.567 (mean value from 21 independeni O
other type of substrate. Finally, we have also undertaken anconsumption determinations), these data yégisl= 7012 M™*
electrospray mass spectrometry (ESMS) analysis of the deca-cM % which is identical within experimental error to the
tungstate anion in acetonitrile, to determine the strength of its €xtinction coefficient of WeOs;>~ at this wavelength, and is in
interactions with organic molecules, and to explore the role of 900d agreement with,o = 6880 M1 cm1 previously obtained
preassociation in the previously reported unusual reactivity of Py Duncan et af.The value ofewo = 7012 M~* cm™ leads to

wO with this solvent especially in the presence of oxy§ign. Pwo"? = 0.67 for the quantum yield of wO formation in;N
saturated solution. However, the accuracy of the derived

qguantum yields is limited by the accuracy of primary actinom-
etry reference data. Here, the most important source of
Sodium and potassium decatungstate were synthesized andincertainty aregp andegr, for which values ranging from 7000
purified by literature proceduréd” All other chemicals were ~ to 11000 M1 cm™1 have been reportet3.18.20.21
purchased at highest purity available from Aldrich, and were  The photostationary state method consists of measuring the
used as received. All experiments described in this work have rate rox of substrate photooxygenation by following oxygen
been performed in acetonitrile solution. Time-resolved spec- consumption as a function of irradiation time. The corresponding
troscopic studies were made at the Paterson Institute for Canceiquantum yield®ox is defined according t&ox = (number of
Research Free Radical Research Facility. Laser flash photolysismoles of Q consumed)/(number of einsteins absorbed by
studies were made with the third harmonic of a Q-switched Nd: W1¢035*"). All photoreactions were carried out in an internal
YAG laser, at 355 nm. Solutions of sodium decatungstate were cylindrical photoreactor (volume 100 mL) illuminated with a
made up to 5< 1074 M, corresponding to an absorbance value Philips HPK 125 mercury lamp. The apparatus consists of a
of ~0.4 at 355 nm. The sample solution, placed in a quartz cell closed system comprising an acetonitrile solution of decatung-
having 1 cm path length, was excited with single pulses (100 state containing various amounts of substrate and about 250
mJ) delivered from the laser and analyzed with a pulsed Xe arc mL of O,. A vigorous Q gas stream produced by a gas pump
lamp. The sample solution was replenished after each excitationprovides for rapid circulation of the solution and supplies
flash by way of a flow system. Spectra were compiled point- simultaneously that amount of dissolvedhich is consumed
by-point and kinetic studies were made at fixed wavelength. in the reaction. The consumption of oxygen was measured under
Lifetimes of the reactive transient wO were obtained by steady-state irradiation using a gas burep €@nsumption
computer extrapolation of the first-order decay profiles recorded profiles generally display a short equilibration period, which is
at 780 nm. Quantum yield®gr of formation of RF were due to lamp stabilization and related thermal effects resulting
obtained from the 450 ns absorption at 780 nm, using the wO from heating by the lamp. Light intensities were calibrated using
transient as an internal actinometric standard at this wavelengththe photooxygenation of furfuryl alcohol in3aturated ac-
according to®gr = (OD{/OD;)(Pwoewolerr), where ODR and etonitrile with phenalenonelpox = ® = 0.98) as sensitizeé?,
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Figure 3. Correspondence between the number of moles of oxygen

tion of oxygen-saturated acetonitrile solutions of sodium decatungstate consumed({l andO) and of hydroperoxide formedi(and®) during

(5.5 x 107 M) in the presence of 0.8 M 2,3-dimethylbuter®) @nd

0.8 M 2,3-dimethylbutaneX). Inset: Time dependence of, @onsump-
tion measured for illumination of oxygen-saturated acetonitrile solutions
of sodium decatungstate (5:510°* M) in the absence«) and presence

of 0.1 M cyclohexene(), 0.1 M 2-methyl-2-pentene)), and 0.1 M
2,3-dimethylbutenel).

two filters were used successively (Pyrex filter, cutoff 296 nm,
and 12% NaN@ in water, cutoff 370 nm) allowing the
determination of the intensities of the bands of the lamp which
are actually absorbed by decatungstate (2%&b nm). The

concentration of decatungstate was sufficient to absorb all

incident light. The intensity of absorbed light was 697076

einstein s1. In contrast to transient absorbance-based determi-

continuous illumination of sodium decatungstate (5%.5L0* M) in
oxygen-saturated acetonitrile in the presence of 0.8 M cyclohexane (
and®) and 0.8 M cyclohexendl and ).

consumption upon irradiation of oxygen-saturated acetonitrile
solutions of sodium decatungstate, containing 0.8 M 2,3-
dimethylbutene and 2,3-dimethylbutane, respectively. The oxy-
genation of the alkene is initially significantly faster than that

of its saturated equivalent. This is in agreement with the
involvement of a charge-transfer mechanism in this reaction.
Surprisingly, after ca. 30 min of irradiation, the photooxygen-

ation of the alkene rapidly slows down, and it becomes even
slower than that of the alkane after 90 min. A similar curvature
of the O, consumption profile is observed with any of the

nations of quantum yields, the experimental uncertainties investigated alkenes, and is most striking in the case of

associated with @consumption measurements are relatively

cyclohexene, where the rate of @onsumption becomes even

small. All experiments described here follow the general gjoer than that of neat acetonitrile, after 15 min of irradiation
procedure previously established using singlet oxygen-mediated,s 5 solution containing 0.1 M of this substrate (Figure 2). As

oxygenations, for which the experimental error was found to
be smaller than 3% for aliox measurements, and also for the

previously discussed in the case of alkanes and alcohols, these
oxygenation reactions lead to an initially quantitative formation

O2(*A) yield of the universal reference sensitizer phenalenone hydroperoxides, which are being decomposed under experi-

in a wide range of solven#& 25

mental conditions. Figure 3 demonstrates that the rate of

Electrospray mass spectroscopy (ESMS) was performed atpyqroperoxide decomposition depends on the nature of the

the Laboratoire de Spectrotie de Masse Bio-Organique,

substrate, and is larger for the unsaturated compound than for

UniversiteLouis Pasteur, Strasbourg, France, on a Quattro triple- the saturated one.

guadrupole mass spectrometer with a mass to chewggrange

of 4000 (Micromass, Manchester, UK) using a standard elec-
trospray ion source. Resolution was usually set about 1000 at

m/z 1000. Solutions (10*—~10"5 M) were infused in the ion
source in a continuous flow at about 5 L/min with a syringe
pump. The source temperature was’@0 The accelerating cone
voltageV, was varied between 10 and 50 V.

Absorption spectra were recorded in quartz cells of 1 cm path
length, using a Kontron Uvikon 930 spectrophotometer. Per-

oxide concentrations were determined by iodometric titradfon.

Results

The astounding deceleration of the alkene photooxygenation
process suggests that regeneration of the active form of the
catalyst is being inhibited by a specific interaction with the
olefins, such as the formation of a long-lived complex between
at least one of the reduced forms of decatungstate, and the
alkenes and/or their oxygenation products. The one-electron-
reduced form, RF, and the two-electron-reduced fornt, RE.,
HyW100326797),21 can be easily identified by their visible
spectra, which exhibit specific peaks at 780 and 635 nm,
respectively. Both one-electron-reduced speciegQ4® and
HW0032%") exhibit identical absorption spectra at 780 nm, but
differ by an UV absorption band which appears at 370 nm for

Steady-State PhotolysisPrevious studies have shown that W;¢03,°~ and at 360 nm for HWOs,*~.8 Figure 4 shows the
oxygen consumption measurements represent a very useful tookvolution with irradiation time of the absorption spectrum of

to investigate the reactivity of wO toward organic substréafes.

an O-saturated acetonitrile solution of sodium decatungstate

This method allowed us to establish the rate constants for its containing 0.1 M 2,3-dimethylbutene. Both RF and RF
reactions with several alcohols and alkanes, which were shownaccumulate significantly in the medium, while the concentration

to yield quantitatively the respective hydroperoxides. It was

demonstrated that even acetonitrile undergoes efficient photo-

of W100s2*~ (absorption peak at 324 nm) diminishes. This is
in accordance with the formation of long-lived complexes

oxygenation in the presence of decatungstate. Additionally, the involving both reduced forms of decatungstate, where the spectra

evolution of the hydroperoxides toward monooxygenated com-

of the complexes and those of isolated RF and B& not differ

pounds could be simultaneously observed in the experimentalsignificantly. The absorption peak appearing at 360 nm is

conditions of their formation. We have now employed the same

ascribed to the formation of the at least partially protonated

techniques for a comparative study of a set of olefins and their reduced form RWV100359~. Figure 4 also shows that the decay

saturated counterparts. Figure 2 shows the profiles of O

of both reduced forms is indeed very slow under these
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Figure 4. Absorption spectra of an oxygen-saturated acetonitrile TIME / MIN

solution of 0.1 M 2,3-dimethylbutene, recorded after 0 (A), 10, 20, 30,
40, 50, 60, 70, 90, and 110 (J) minutes of continuous illumination in
the presence of 5.5 104 M sodium decatungstate. Inset: Evolution

of the absorption spectrum of the same solution after irradiation end
(Spectra recorded after 2 (1), 4, 8, 16, 30, 40, 50, 60, and 80 (9)

Figure 6. Time dependence of fzonsumption and of the ratidsf ',
andf' of decatungstate and its one- and two-electron reduced forms
to total NaW,003;, measured for illumination of oxygen-saturated
acetonitrile solutions of sodium decatungstate {f@* ]t = 5.5 x

104 M), in the presence of 0.1 M cyclohexene.

minutes).
[W 10032471, [W10032°~], and [Wy¢O38 ] in a given system, and
o025 15 A determine the evolution of the fractiorfs = [W1003,*"]/
| v [W1dOsz* T, ' = [W1002> VW 1037 ], andf " = [W1dOs* "}/
1.0 101 e 55106 a [W1¢035* 1, of the individual forms of decatungstate to the

total concentration of originally introduced decatungstate, as a
function of irradiation time. Figure 6 shows the evolutionfof

f’, andf” for illumination of 5.5 x 1074 M decatungstate in

the presence of 0.1 M cyclohexene, as well as of the corre-
sponding @ consumption profile. This representation clearly
shows that the deceleration of substrate oxygenation correlates
with the formation of very long-lived complexes that mainly
involve the one-electron-reduced form of decatungstate. Also,

ABSORBANCE

0 T : T T the figure provides a good illustration of the efficiency of
400 600 800 complex formation in the case of cyclohexene, where more than
WAVELENGTH / nm 80% of the initial amount of catalyst (55 10 M) is shown

Figure 5. Dependence of the absorption spectrum of an oxygenated tq he inactivated after only 15 min of irradiation in the presence
acetonitrile solution of sodium decatungstate and cyclohexene after 150f 0.1 M of this substrate.

min of irradiation, on the concentration of the catalyst and the substrate = the i i f the £x ti fil
(Spectra recorded with [decatungstate]5.5 x 10~* M, for [cyclo- rom the linear portion or the 2xonsumption protnies, one

hexenel= 0.0025, 0.005, 0.01, and 0.1 M, respectively. Inset: Spectra Can obtain relative rates of;@onsumption, which are converted

recorded with [cyclohexenet 0.1 M, for [decatungstate¥ 0.55 x into quantum yieldsPox*" of O, consumption by comparison
104, 1.1 x 10, 2.75 x 10 55 x 1074 and 11x 10 M, with the phenalenone-sensitized oxygenation of furfuryl alcohol
respectively). (quantum yield 0.9832 In the case of the decatungstate-

conditions, and experiments in nitrogen-saturated solutions (notSensitized oxygenation of alkenes, this determination is only
shown) reveal that reoxidation becomes even markedly slowerPOossible at low substrate concentrations, because the linear
in the absence of © This is in support of the previously ~Portion of the Q consumption persists for a few minutes of
suggested role of molecular oxygen in the reoxidation of the irradiation only, and is rapidly shortened with increasing
catalyst. Analogous behavior is observed during the oxygenation Substrate concentration. For example, in the case of cyclohexene,
of cyclohexene under the same conditions. In this case, eventh€ highest utilizable concentration was 0.0025 M, where a linear
air-saturated solutions keep their blue coloration (which is due €volution is observed during 8 min of irradiation (see Figure 7,
to the presence of reduced decatungstate) for several days aftefompare with Figure 6, and also Figure 2).

irradiation end. Furthermore, it is shown that the formation of ~ As previously found with propan-2-6l.®ox*" augments
both reduced forms depends strongly on the concentration ofProgressively with increasing substrate concentration (Figure
both WigOs5*~ and the substrate (Figure 5). This establishes 8)- These data can be used to derive the rate conktarfor
clearly the involvement of both decatungstate and the alkenes'eaction between wO and the substrate, by considering the
in the formation of complexes. The fact that such long-lived Process in terms of a generalized Stexfolmer treatment;”?
species are not observed with any other type of substrate,

including the saturated equivalents of the alkenes, shows that (Puo — Pox)/(Pyo — Pox ) =1+ K[XH] (1)
complexation is due to a very specific interaction of the metal
cluster with the alkene double bond. where K= kxnywo is the Stera-Volmer constant. The quantum

Using the extinction coefficients of 13500 ™M cm™ for yields ®ox = 0.048+ 0.002 of Q consumption by the solvent,
W1003* at 324 nm, and 4850, 3300, and 7000°Mem~1 for and®,,0 = 0.564 0.02 of formation of wO, which are obtained
W10032°~ at 324, 630, and 780 nm, respectively, and 1780, from nonlinear least-squares analysis of the experimental data,
14000, and 5390 Mt cm for W1¢038~ at 324, 630, and 780 are found to be equal in the presence of all investigated
nm, respectively® we can calculate the molar concentrations substrates, including alkenes, alkanes, and the previously
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TABLE 1.
transient absorbance at 780 nm oxygen consumption
wO decay Wo0s3>~ formation
substrate IE/eV kXH/lO7 M-1s1 K/IM—1 (I)RFO Dr” K/IM~1 Dox D0 KIM—1
alkenes
1-hexene 9.44 4.15 2.6 0.023 0.11 2.3
trans-3-hexene 8.97 5.9 3.7 0.023 0.25 3.6
2-methyl-2-pentene 8.58 10.1 6.9 0.022 0.23 6.1 0.048 0.55 6.8
2,3-dimethylbutene 8.16 32.4 19.8 0.023 0.40 195 0.049 0.58 20.4
cyclohexene 8.95 11.9 8.3 0.026 0.26 8.1 0.048 0.57 8.2
alkanes
n-hexane 10.29 0.79 0.55 0.025 0.38 0.74 0.044 0.57 0.54
2-methylpentane 10.64 0.84 0.55 0.024 0.28 0.87
2,3-dimethylbutane 10.04 0.70 0.48 0.049 0.54 0.56
cyclohexane 9.88 3.7 2.4 0.020 0.50 2.66 0.048 0.56 2.7
a Reference 34° Reference 35.
0.3 .
£ 5—: 0.28
o 2 O
0.26
<6 3] a < o
=) Z0.2 )
» < 2
Z m
Q | & 6
O 4 2
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Figure 7. Time dependence of {Zonsumption measured for illumina-
tion of oxygen-saturated acetonitrile solutions of sodium decatungstate
(5.5 x 107 M) in the absencel) and presence of cyclohexene at
0.0025 M ©), 0.005 M @), and 0.01 M ¥).

XH
Dox

0.4+

0.2 1

0.0

T

0.4 0.8

[Substrate] / M
Figure 8. Dependence of the quantum yieldgx*H, of O, consump-
tion on substrate concentration measured for illumination of oxygen-
saturated acetonitrile solutions of sodium decatungstate X519
M), in the presence of cyclohexan®)( cyclohexene®), and hexane
(O). Solid lines are drawn in accordance with eq 1. For fit parameters,
see Table 1.

investigated aromatic hydrocarbons and alcohols. The fact that

these constants are very accurately reproduced even in the case
of cyclohexene, suggests that despite the extrapolation over a

wide concentration range, the cyclohexene oxygenation data of
Figure 8 provide meaningful information on this process. This
is further supported by the equivalence of the kinetic data from

Figure 9. Time-profiles recorded at 780 nm following 355 nm
excitation of air-saturated acetonitrile solutions of sodium decatungstate
(5.5 x 10 M), in the presencefd M (a), 0.025 M (b), and 0.2 M

(c) cyclohexene. Inset: Dependence of the corresponding first-order
rate constants and end of pulse absorbances)@tthe cyclohexene
concentration.

equivalents. This means that the reaction is enhanced by the
interaction with the alkene double bond, which would be in
agreement with an electron-transfer mechanism.

Laser Flash Photolysis.Additional unexpected features of
the alkene photooxygenation mechanism are revealed by a time-
resolved study of the same compounds. It is known from
previous work that the initially formed charge-transfer excited
state of decatungstate decays in a few tens of picoseconds to
the longer-lived intermediate designated as wO. The reactivity
of this species toward organic substrates can be observed at
nanosecond time scale by transient absorbance measurements:
Unlike W10035*~, wO absorbs strongly at 780 nm, and so do
its longer-lived reduction products. This is the reason for the
absorbance remaining after the end of wO disappearance (see
Figure 9), which can be used to calculate the quantum yields
®drH of formation of RF. Similarly to the analysis employed
for the G consumption quantum yields, the evolutiondg<H
with substrate concentration can be interpreted in terms of a
generalized SteraVolmer treatment;”-

CI)RFXH = ((I)RFO + ®pe” KIXHD/(L +K[XH])  (2)

where®gg is the quantum yield of formation of WOs,°~ in
the absence of added substrates, @ag’ is the quantum yield

steady-state and time-resolved experiments (see below). Tableof W;003,°~ formation at infinite substrate concentration. The

1 lists the fit parameters describing the Ensumption data
for several alkenes and alkanes. It is interesting to note that K
is significantly larger for the alkenes than for their saturated

present experiments yieflire® = 0.023+ 0.002 for the reaction
of wO with acetonitrile. The SteraVolmer constant K=
kxnutwo is additionally accessible from the first-order decay
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SCHEME 1
0081 003 Wi¢05" / CHiCN ——p w0/ CHyCN 0571,

w wO/CH;CN ——— W,05," / CH;CN 1.4x10"s"

o

Z 003 0,02

g j wO/CH;CN ————p H'W,(03,” + products | 6.1x10°s

0,01

Q 0.021 +0,

Q TIME / ns wO/CH;CN ——p W ,¢03,* + products 64x10°s"

< 00n 200 400 L . S :

] characterization of several ion metal species, including poly-

oxoanions. We present here ESMS results for dilute;@¥

T % solutions of potassium decatungstate. Figure 11 shows the
corresponding spectra for a variation \&f from 10 to 50 V,
and a detailed assignment for all species is given in Table 2.
Interestingly, at low cone voltage (i.eV, = 10 V), only
solvated ions are detected, the most important beingDdy*~
associated with 6 to 8 CJ&N molecules, and KWOs>~
associated with 25 solvent molecules. Increase of voltage
results in separation of ion and solvent molecules, ang at

20 V, the dominant species is clearly the nonsolvated 048,

T T T T
40 60 80 100

TIME / ms
Figure 10. Nanosecond and millisecond decay profiles of the 780 nm
absorbance, recorded following 355 nm excitation of air-saturated
acetonitrile solutions of sodium decatungstate (5.30°* M), in the
presence of 0.05 M cyclohexene.

profiles at 780 nm, wherkxy andz,o ! are the slope and the
intercept of the respective SterlWolmer plot. Our measure-
ments yield a mean value ofo~1 = (1.5+ 0.1) x 10’ s lin although solvated ions (up to 4 GEIN molecules) are still
air-saturated CECN. All other results are listed in Table 1, significantly observed. AY; = 30 V, the most abundant peaks
together with the steady-state data. It is most remarkable that acorrespond to KWOs;*~ and WioOs,,*~ and only two solvated
good agreement is found between the values obtained from O species, namely WOs,* *CH;CN and W¢Os;*-2CH,CN, are
consumption, RF formation and wO decay. This indicates that present. Total separation of ions and solvent (i.e., no solvated
all three approaches provide reliable data with no significant ions detected) is only achieved\é = 50 V. However, at this
systematic errors, and also gives a good overview of the voltage, even the decatungstate cluster undergoes significant
experimental uncertainties associated with the individual mea- fragmentation, as demonstrated by the presence of important
surements. peaks at/z= 703.51, 819.43, and 935.35, which can be clearly
A thorough analysis of transient absorption spectra suggestsattributed to WO1¢™~, W-027*~, and WiO2s>", respectively. One
that some additional information may be contained in the 780 more significant peaky. = 50 V, m'z= 981.57, and 12% BP)
nm profiles. Figure 9 shows typical spectra for the transient Most probably also corresponds to a fragmented ion, but could
absorbance of wO in the presence of cyclohexene. not be unequivocally attributed due to the uncertainty of its
Rather surprisingly, we observe a regular decrease of the engcharge. Thus: the present rgsylts provide glear evidence for very
of pulse absorbance with increasing substrate concentration. ThisStrong solvation (preassociation) interactions between the de-
decrease is reproduced with all the alkenes studied here, but jatungstate cluster and the solvent acetonitrile. It is also
not observed with any other type of substrate (including the "eémarkable that two protonated species, K¢~ and
respective alkanes). If this observation is significant, it may be HW100s2°~, can be clearly identified at any cone voltage
ascribed to the formation of any complex between the substrateinvestigated here. This evidences the replacement of potassium
and either a ground state or a CT excited state @§(8h.% counterions by solvent protons, thus suggesting that formation
However, we failed to observe any changes in the absorption©f the protonated one-electron-reduced photoproduct may
spectrum of WgOs,*~ upon addition of olefins. Since a constant  ©figinate from a protonated ground-state precursor complex.
value has been obtained for the quantum yiklg of formation
of the reactive species fromy@onsumption measurements for
all substrates, this suggests that wO is scavenged by the substrate The reactivity of wO toward several types of organic
during the laser pulse. substrates has been investigated by three methods, independently
We have discussed above the formation of long-lived intervening at different stages of the reaction, namely the
complexes involving both one and two electron reduced formation and disappearance of wO, the formation of RF, the
decatungstate, under steady-state conditions. The observationterception of primary radicals by Dand the formation of
of the transient absorbance at longer time scales confirms thatreaction products. The data from all sources clearly confirm
the interaction of wO with olefins leads to the formation of the-most remarkable-reaction of wO with the solvent acetonitrile,
long-lived species that absorbs strongly at 780 nm (see Figurewhich is most probably favored by strong solvation interactions,
10). Previous studies have shown that only RF is directly formed as shown here by ESMS. We have shown above that the

Discussion

in this reaction, whereas RHs a disproportionation product

guantum yield of wO formation is significantly larger inoN

of RF. Thus, the very slow absorbance decay shown heresaturated solutions than in air-saturated ones. Thus, it is

corresponds to both reoxidation of RF toy@s;* and

%

suggested that Qintercepts solvated WOs,*" and/or wO

disproportionation reactions. This also demonstrates that thespecies during the laser pulse. Similarly, we have previously

observed decatungstate reduction yiedbls=*" will strongly
depend on the time after which @3 recorded.

Electrospray Mass Spectroscopyit was also hoped to gain
further insight into the mechanism of the unusual reaction of
wO with the solvent acetonitrile by an ESMS study of the
decatungstate anion in this solvent. Lau éf &thave previously

noted that the presence of small amounts ofl€ds to a
decrease in RF yield, and also shortens its lifetinfince
additionally, the present results demonstrate clearly dhaf

< ®px, we conclude that interception by,f solvated
intermediate species results in a pathway leading to oxygenation
of CH3CN without formation of RF. The reaction of wO with

shown that this technique represents a powerful method for acetonitrile can thus be described by Scheme 1, where the values
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Figure 11. Electrospray mass spectra of potassium decatungstate J&6NCHCone voltage set at 10 V (A), 20 V (B), 30 V (C), and 50 V (D).

TABLE 2
m/z experimental (% base peak)
nm/z theoretical Ve=10V V.=20V V.=30V V=50V

solvated ions

[K2W10032]>-2CHCN 1255.38 1255.73(25)

[K 2W1¢02]2-CHsCN 1234.85 1234.92(22) 1235.10(4)

[KW 100373 -6CHCN 878.61 878.49(26)

[KW 10035]*"-5CH,CN 864.93 864.66(74)

[KW 100373 -4CHCN 851.24 851.07(96)

[KW 10035]*"-3CH,CN 837.55 837.67(100) 837.54(4)

[KW 10037]37-2CH,CN 823.87 823.95(42) 824.02(10)

[KW 10035]* *CH:CN 810.20 810.61(14) 810.49(25)

[W1037]* *9CHCN 679.94 679.98(23)

[W10032]*-8CHsCN 669.68 669.61(73)

[W10032]*~+7CH,CN 659.42 659.35(97)

[W10032]**6CH:CN 649.16 649.23(52)

[W100s2]*"*5CH:CN 638.90 638.97(21)

[W10032]* -4CH:CN 628.64 628.53(6)

[W10032]4~*3CH,CN 618.38 618.22(15)

[W10037]*"*2CH,CN 608.13 608.09(20) 608.09(4)

[W10032]*~*CH;CN 597.87 597.84(15) 597.84(14)

m/zexperimental (% base peak)
m/z theoretical Ve=10V Ve=20V V.=30V Ve=50V

nonsolvated ions

[K 2W100s7]2 1214.34 1214.10(24) 1214.35(34) 1214.16(26) 1213.91(100)

[KW 160573~ 796.53 796.53(100) 796.10(100)

[W 100374~ 587.62 587.34(5) 587.52(70) 587.65(15)
protonated ions

[KHW 100352~ 1195.29 1194.95(10) 1194.71(6) 1194.21(14)

[HW 100573 783.83 783.87(11) 783.44(8) 783.50(15)
fragmented ions

[WgOpg)2~ 935.35 934.45(10)

[W7055)2~ 819.43 818.83(53)

[WeOig]2 703.51 702.96(80)
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of the respective rate constants have been obtained from the
wO lifetime and the solvent oxygenation and decatungstate
reduction yields in oxygen-saturated solutions of the neat solvent
(Table 1), as previously explainéd.lt is interesting to note
that less than 10% of wOCH;CN interactions result in
chemical transformations, half of which lead to formation of
one-electron reduced decatungstate.

The investigation of a series of alkenes and alkanes shows
that quenching of wO by organic substrates leads to formation
of complexes of very variable lifetime, and in the presence of
O,, it results in a quantitative oxygenation of the substrate, as
demonstrated by the general equivalence of the rate constants 85 0.0 o5
of wO decay, @ uptake, and hydroperoxide formation. The IE/eV '
decrease Qf the end of pulse ab.so.rbance with increasing a”.(en?—igure 12. Dependence of Ifn/(Kair — kxn)] On substrate ionization
concentration suggests that, similarly to the strong solvation gnerqy " (1: 2,3-dimethylbutene. 2: 2-methyl-2-pentene. 3: cyclohexene.
observed with CHCN, strong interactions also exist between 4: trans3-hexene. 5: 1-hexene.)
the decatungstate cluster and the olefins, leading to scavenging
g;:g’lov(v)gr o aitri]\(/jig)rmwa(; lf g iﬂg;g%gg%ﬂ;:ﬁ:eoz gu!(s)ﬁq';ir:]g:iljn glectron transfer can be seen as the amount of charge transfer

of regular diffusion-controlled dynamic quenching and static g](y"}toerriﬂid'?:“;ggzgfgsa ;m:ntézam?/cé\lg?dSr;?/igu\garlgse,u(l)tfs
guenching processé®the latter resulting from the formation 0 P : P

of complexes between the alkenes and a precursor of wO, orgoéni;i?s\f'oc’f :;ﬂgﬁgc ?gtgrzgigggfssquf;;hitnLZethpen'
from the statistical presence of the substrate next to wO or its . q 9 QR >P

9 . X parabolic Marcus-type curve rather than to a linear #ldt.
precursorg®® Such a process would result in an increased

- . e . . has been shown, for other photochemical systems involving
reactivity, since diffusion is not required for the reaction to take . . )
place during the laser pulse. Similar suggestions have beenpartlal electron transfer, that a Marcus-type interpretation can

: o lead to significantly larger estimates for the charge-transfer
previously made by Fox et &% who found rate constants h h i HRISi h fth
exceeding the diffusion controlled limit for reaction of poly- character than a linear mo Ince the |E range of the present

. . S s alkenes is relatively narrow, the data fit to both a parabolic and
oxometalates with organic substrates, by Hill et3#.who

. X . a linear model, and thus, the value of 9% charge transfer should
performed comparative experlm_ent_s with alcohols and alkanes,be considered as a qualitative estimate. Also, the rate constants
a_nd_ more recently also by _H|sk|a et é.’l.,wh_o _collected for decatungstate-alkene charge transfer are relatively small,
significant information suggesting that preassociation of catalyst compared with very easily oxidizable substrates, such as
and substrate is a general feature in photocatalyzed reaction '

Siromatic amines, for which wO quenching rate constants near
of both polyoxometalates and aggregates of metal Complexes'diffusion control have been reportédissuming similar reor-

Both ET and HA mechanisms may be suggested for the ganjzation energies and regular Marcus behavior for forward
reactivity of wO toward organic substrates. In the case of and backward electron transfer, our data suggest that also back-
alkenes, H-atom abstraction will occur at the allylic position to e|ectron transfer is comparatively unfavorable in the case of
give the allyl radical, while electron transfer would lead to glkenes, and this could explain why interception of intermediate
oxidation of the double bond, yielding the cation radical product. complexes by @is faster than back-electron transfer for these
For the acyclic hexene isomers studied here, 1-hexene, 3-hexenesypstrates, as opposed to aromatic amines, where efficient back-
2-methyl-2-pentene, and 2,3-dimethyl-2-butene, the allyi¢lC  electron transfer was demonstrated by a lack ofg®¥,5~
bond strength is nearly constant, but the addition of electron- formation during wO deca$.
donating methyl groups to the vinyl position brings about a  No IE dependence is observed when the alkenes are replaced
decrease in ionization energy by 1.28 eV across the series. Thuspy their saturated counterparts. The reactivity of these alkanes
if HA is the dominant pathway, we would expect similag toward wO does not vary within experimental error, and is
values for all hexane isomers. If, in contrast, electron or charge- significantly weaker than for the respective alkenes. Since all
transfer processes take place, we expect the quenching ratec—H bond strengths are similar in these hexane isomers, this
constants to depend on the free energy for formation of an ion is in agreement with a HA mechanism. Given the low magnitude
pair, which is a linear function of the substrate oxidation of reaction rate constants, the formation of a preassociated
potentialEox (Or its gas-phase ionization energy IE, sireg complex of W¢Os*~ with alkanes seems to be unlikely. It is
and IE for structurally similar compounds are generally found believed that such a preassociated equilibrium should not be
to correlate linearly with each other). If we account for the significantly more favorable than in the case of acetone, for

-3

O=

In(k x4 / Kaitr - K)
NO

»0/ Ow
o

diffusion-controlled (i.e., with rate constakyis = 1.9 x 100 which no solvated ions have been detected with several
M~ s™1) formation of initial encounter complexes, the charge- polyoxoanions including (BiN);W10032.28 In this case, preas-
transfer step can be describedHak—airr = kxri/ (Kaitr — ki), sociation of Wq0s;*~ with these substrates would be strongly
wherek; is the rate constant for electron transfer g the disfavored compared with complexation with the solvent, and
rate constant for separation of encounter pairs. Figure 12 showsthis could explain the nonselective reactivity of alkanes.

the dependence of Ikfn/(kait — kxn)] on substrate IE, for the Moreover, the low and IE independent rate constants for the

olefins of Table 1. This dependence can be described by a linearalkanes demonstrate that at least the major part of the charge-
fit with a slope of—1.5 eV1, which is much weaker than the  transfer interactions with the alkenes is due to the substrate C
slope of—(RT) ! expected for complete electron transfer. Thus, double bond, and it becomes clear that both ET and HA
it is suggested that quenching of wO by alkenes leads to partialmechanisms may compete in the reactivity of wO toward
charge-transfer only. In a very simplified picture, the ratio of organic substrates. In the case of the alkenes studied here, HA
the experimental slope to the slope expected for completeis negligible compared with ET, except farhexene and
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Figure 13. Dependence of the quantum yieldsx*", of O, consump-

tion (d andO), and @XM, and of decatungstate reductidl énd ®)

on substrate concentration. Data measured for illumination of aceto-
nitrile solutions of sodium decatungstate (%8074 M) in the presence

of cyclohexane ©® and®) and cyclohexenel{ and ).

cyclohexene, where the rate constants for the corresponding
alkanes are noticeable. We also note that the Stéoimer
constants for wO decay, RF formation and €@nsumption in

the presence of cyclohexane are significantly larger than thoset

observed for the other saturated compounds. Since the IE of
cyclohexane is similar to that of the other alkanes, and
additionally, theK values are much smaller than those found
for cyclohexene, which also has a relatively high IE, these
differences cannot be explained by an ET mechanism. Also,
all K values for cyclohexene deviate from the value expected
according to the correlation with IE, and thus, it is suggested
that the reaction with wO is enhanced by a factor related to the
structure of these cyclic compounds.
We have noted that the quantum yiehg,o of formation of

wO, obtained from @consumption measurements is constant,
irrespective of the lifetime of the decatungstate-substrate

complexes and of the mechanism dominating their reactivity. f
This means that backward reactions do not occur within theset

complexes. However, the reduction of;3@s,*~ is less than
guantitative in any casePrei is found to be significantly
smaller than®ox*H at any substrate concentration. This is
observed for all substrates investigated here, and is most
prominent in the case of the alkenes (see Figure 13). It is also
interesting to note that the experiments of Texier et®akhich
were also carried out in air-saturated £, yielded even lower
values fordgge®, while measurements of Duncan et al. ig-N
saturated acetonitrile led @ values of ca. 0.5.

The only possible explanation for this behavior is the t
existence an alternative pathway resulting in substrate oxygen-t

ation, without production of W0O32°~. Figure 13 shows that

SCHEME 2

Tanielian et al.

DrH and ®ox*H increase regularly with [XH], until reaching
their plateau value®ge” and ®ox>, respectively. The above
results on hydroperoxide formation from alkenes and alkanes
are in agreement with the previous suggestion thatddsump-
tion leads to an initially quantitative formation of hydroperox-
ides, which means thabox® = ®yo. Thus, the ratio of the
limiting decatungstate reduction and substrate oxygenation yields
gives the probabilityw = ®r*/Pyo of formation of RF from
wO. From the data of Table 1, we conclude that at least in the
case of alkeneseq is significantly smaller than unity, and
decreases, similarly tkxy, with increasing IE. This indicates
that the probability of decatungstate reduction is determined by
the strength of charge-transfer interactions in the intermediate
complexes. Also, it is known that the decatungstate reduction
yields decrease with increasing €oncentratiorf. This is also
confirmed in the case of alkenes. Hence, we conclude that
reactions of intermediate complexes with&@e at least partially
responsible for the nonreductive pathway leading to formation
of W10032*~ and the hydroperoxide. The mechanism of the
decatungstate-sensitized photooxygenation of organic substrates
can thus be generally described by Scheme 2:

lllumination of W;0032*~ leads, via the extremely short-lived
excited state of decatungstate, to formation of the unexcited
ransient wO, which reacts with organic substrates XH by
hydrogen-atom-abstraction and electron-transfer mechanisms.
The efficiencies of formation of RF from the intermediate
complexes can be less than unity. These intermediate species
undergo oxidative interactions with moleculap, Jeading to
substrate oxygenation without formation of one-electron reduced
decatungstate.

Conclusions

The combination of time-resolved and steady-state studies
on the reactivity of wO with several organic hydrocarbons
reveals that any interaction of wO with the substrate leads to
ormation of the corresponding hydroperoxide. However, reduc-
ive and nonreductive pathways compete in the overall reaction.
It is shown that the importance of molecular oxygen in the
catalytic process goes beyond the simple reoxidation QO
Inhibition of W;0032°>~ formation represents an additional
pathway by which @ enhances the catalytic process. Unex-
pected inhibition of photocatalysis is observed in the presence
of olefins. It is shown that formation of very long-lived
complexes involving the alkenes and both one- and two-electron-
reduced decatungstate is responsible for this behavior. Thus,
besides revealing new aspects of the photocatalytic mechanism,
he present results also provide valuable information with regard
o the practical operation of oxofunctionalization of hydrocar-
bons.
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