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Abstract

The catalytic durability of an organic photocatalyst, 9-mesityl-10-methyl acridinium ion (Acr*-
Mes), has been dramatically improved by the addition of [{tris(2-pyridylmethyl)amine}-Cu'']
(Cl04), ([(tmpa)Cu'']2*) in the photocatalytic oxygenation of p-xylene by molecular oxygen in
acetonitrile. Such an improvement is not observed by the addition of Cu(ClO4), in the absence of
organic ligands. The addition of [(tmpa)Cu]?* in the reaction solution resulted in more than an 11
times higher turnover number (TON) compared with the TON obtained without [(tmpa)Cu'']2*. In
the photocatalytic oxygenation, a stoichiometric amount of H,O, formation was observed in the
absence of [(tmpa)Cu'']2*, however, much less H,0, formation was observed in the presence of
[(tmpa)Cu'']2*. The photocatalytic mechanism was investigated by laser flash photolysis
measurements in order to detect intermediates. The reaction of O, ~ with [(tmpa)Cu']%*
monitored by UV-vis spectroscopy in propionitrile at 203 K suggested formation of
[{(tmpa)Cu''},0,]%*, a transformation which is crucial for the overall 4-electron reduction of
molecular O, to water, and a key in the observed improvement in the catalytic durability of Acr*-
Mes.

1. Introduction

A variety of organic reactions such as oxygenation, carbon—carbon bond formation and
polymerization, have been accomplished by employing heavy transition metal catalysts,1:2
however, the increased attention on environmental problems demands a focus toward
alternative and more environmentally benign methods.3 Recently, utilization of organic
catalysts has been regarded as a promising method to avoid such problems because of their
environmentally benign character. Especially, the employment of organic photocatalysts
utilizing visible light has attracted many researchers expecting to produce products which
are difficult to obtain viathermal reactions.>~7

Among such photocatalysts, a donor—acceptor linked dyad has been regarded as a prominent
catalyst because of its already proven wide variety of applications.8-14 For example,
oxidation of benzene to phenol where the oxygen atom derives from water as its source has

TElectronic supplementary information (ESI) available: UV-vis spectra of titration of H2O2 with Nal in MeCN (Fig. S1).
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been made possible without producing further oxygenated compounds.1>:16 Bromination of
various aromatic compounds has also been achieved without using toxic bromine.1” The
donor—acceptor linked dyad can be also utilized in the oxygenation of aromatic compounds
to produce aromatic aldehydes,*® which is a key chemical reaction for the production of
precursors of a variety of fine or speciality chemicals such as pharmaceutics, organic dyes,
pesticides and perfumes.19-24

9-Mesityl-10-methylacridinium ion (Acr*—Mes)?-10 and its derivatives have been reported to
act as efficient photocatalysts for oxygenation of toluene derivatives to corresponding
aldehydes in photocatalytic oxygenation under visible light irradiation.18 The electron-
transfer state (Acr —Mes *), produced upon photoexcitation of Acr*—Mes, has both strong
oxidizing and reducing ability, and this enables it to not only oxidize alkyl aromatic
compounds but also to reduce 0,.1014 However, the accompanying formation of reactive
oxygen species (ROS) may be problematic, because they may irreversibly oxidize the
organic photocatalyst leading to its deactivation.

Organic catalyst durability is highly desirable for practical applications, especially in
oxygenation reaction systems. In a previous report, the turnover number of an organic
photocatalyst of Acr*—Mes was lower than 100 in the oxygenation of p-xylene by O, using
Acr*-Mes as a photocatalyst. Without a substrate, Acr*-Mes itself is oxidized by O, under
photoirradiation.2> The ROS O, ~ can be produced by electron transfer from the Acr moiety
of the photogenerated electron-transfer state (Acr -Mes *) to Oy, and this may be
responsible for the oxidation of the photocatalyst. Yet O, ~ is known to be efficiently
trapped by various metal ions including Cu(ll) complexes; Cu-O, complexes have recently
been extensively investigated.26-29 Thus, our thinking was that the presence of a copper
complex in oxygenation reaction systems might improve organic catalyst durability and the
reaction mechanism might be clarified by spectroscopic detection of a Cu-O intermediate.

We herein report a significant improvement of the photocatalytic durability of Acr*—Mes in
the selective oxygenation of p-xylene with O, by the addition of [{tris(2-pyridylmethyl)-
amine}Cu''(Cl0y); ([(tmpa)Cu']2%).26-29 This Cu complex is expected to efficiently react
with O, ~,28:29 the latter is likely a significant product of O,-reduction. For comparison,
Cu(ClOg), was added to the reaction solution but found to not be useful. Spectroscopic
studies using nanosecond laser flash photolysis and UV-vis absorption at low temperature
have enabled us to clarify the role of [(tmpa)Cu''J2* and to propose a mechanism for the
significantly improved photocatalytic durability of the Acr*—Mes catalyst.

2. Experimental section

9-Mesityl-10-methylacridinium perchlorate [(Acr*—Mes)(ClO,4)] was purchased from Tokyo
Chemical Industry and recrystallized from absolute ethanol before use. p-Xylene was
obtained from Wako Pure Chemicals. Copper(ll) perchlorate hexahydrate and tris(2-
pyrydylmethyl)amine were purchased from Nacalai tesuque and Tokyo Chemical Industry,
respectively. Purified water was provided by a Millipore MilliQ water purification system
where the electronic conductance was 18.2 MQ cm.

2.1. Synthesis of [Cu'l(tmpa)](CIO,),

[Cu!(tmpa)](Cl04), was synthesized by the reported method.3% Copper(ll) perchlorate
hexahydrate (131 mg, 0.035 mmol) was slowly added to an acetonitrile (MeCN) solution
(4.0 mL) of tris(2-pyridylmethyl)amine (100 mg, 0.035 mmol). The deep blue solution
obtained was stirred for 30 min at room temperature and then ether (10 mL) was slowly
added to precipitate blue powder which was collected by filtration and recrystallized from
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MeCN and diethyl ether (Yield 155 mg, 75%). Anal. Calcd. for CygH»1Clo,CuN5O: C,
40.45; H, 3.56; N, 11.79. Found; C, 40.36; H, 3.32; N, 11.68.

2.2. Photocatalytic p-xylene oxygenation

The photocatalytic oxygenation of p-xylene was carried out by the following procedure.
Typically, an MeCN solution (0.6 mL) containing (Acrt*—Mes)(CIO,) (2.0 x 1074 M), p-
xylene (3.0 x 1072 M) and [(tmpa)Cu'!](Cl10y); in a quartz glass tube (i.d. 5 mm) with a
rubber septum was saturated with oxygen by bubbling pure oxygen through a stainless steel
needle for 5 min. The solution was then irradiated with a 500 W xenon lamp (Ushio Optical
ModelX SX-UID 500XAMQ) through a colour filter glass (Asahi Techno Glass, A > 390
nm) at 298 K. After photoirradiation, the solution was analysed periodically by 1H NMR
spectroscopy (JEOL JNM-AL300 spectrometer) to identify and quantify the products. The
amount of H,O, formed was determined by titration by iodide ion; the diluted reaction
mixture was treated with an excess amount of Nal in MeCN. The concentration of I3~
formed was then determined from the UV-vis spectrum (Amax = 361 nm, e = 2.50 x 104 M1
cm~1in MeCN).31 The yield of H,0, was also determined by 1H NMR spectroscopy.
H,0,: IH NMR (CD3CN): 8.67 (s, 2H).

2.3. Time-resolved absorption spectral measurements

For nanosecond laser flash photolysis experiments, an MeCN solution (2.0 mL) containing
(Acr*—Mes)(Cl0O,4) and [(tmpa)Cu'!](Cl0,), was deaerated by bubbling N5 for 10 min.
Then, a certain amount of O,-saturated MeCN was added to the deaerated reaction solution.
Then the mixed solution was photoirradiated by an Nd:YAG laser (Continuum, SLI1-10, 4-6
ns fwhm) at A = 430 nm with the power of 3.6 mJ per pulse. The transient absorption
measurements were performed using a continuous xenon lamp (150 W) as a probe light and
a photomultiplier (Hamamatsu R2949; 350-800 nm) as a detector, respectively.

2.4. UV-vis absorption spectroscopy under photoirradiation at low temperature

An Oy-saturated propionitrile (EtCN) solution containing 1-benzyl-1,4-dihydronicotinamide
dimer (0.25 mM), (Acr*—Mes)(ClOy4) (0.050 mM) and [Cu''(tmpa)](CI04), (0.50 mM) was
cooled in a quartz cuvette (light path length: 1.0 cm) to 203 K. UV-vis spectra were taken
after photoirradiation (A = 430 nm).

3. Results and discussion

3.1. p-Xylene oxygenation catalysed by Acr*—Mes in the presence of [(tmpa)Cu'l]2*

The photocatalytic p-xylene oxygenation using molecular oxygen was performed by
photoirradiation (A > 390 nm) of a deuterated MeCN solution using Acrt*—Mes as a
photocatalyst in the absence and presence of [(tmpa)Cu'']2*. The oxygenation of p-xylene
resulted in conversion to p-tolualdehyde and H,0, (eqn (1)). Fig. 1 shows a typical 1H
NMR

hv>390 nm CHO
2 +30, ——= 2 + 2H0,
Acr*-Mes

spectrum of the solution during the reaction. The 1H NMR spectroscopic signals assigned to
p-xylene appeared around 2.6 ppm (CH3 group) and 7.0 ppm (phenyl ring) and those
assigned to p-tolualdehyde appeared around 2.7 ppm (CH3 group), 7.3 ppm and 7.8 ppm
(phenyl group) and 9.9 ppm (aldehyde). No overlapping of peaks of the reactant and product
assures that the quantification by 1H NMR is reliable in this reaction system. The 1H NMR
peaks assignable to Acr*—Mes were negligible due to its relatively low concentration (2.0 x
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104 M). Formation of p-methylbenzyl alcohol is possible during the oxygenation as an
intermediate, however, none of this product was observed in any significant amount when in
the presence of [(tmpa)Cu'']2*.

The time profiles of p-tolualdehyde and H,05 yields in this photooxygenation with different
concentrations of [(tmpa)Cu'']2* are shown in Fig. 2. In the absence of [(tmpa)Cu'']?*, the
yields of p-tolualdehyde and H,O, reached 30% and 26% with photoirradiation for 3.5 h,
respectively. The similarity of yields assures that the oxygenation proceeded following eqn
(1). The yield of p-tolualdehyde increased with increasing concentrations of [(tmpa)Cu']2*
up to 2.0 mM to reach a constant value of 57% in 3.5 h, which is nearly double the yield
achieved in the absence of [(tmpa)Cu!']2*. On the other hand, the H,0 yield decreased
from 26% achieved in the absence of [(tmpa)Cu!]2* to 5% in the presence of 2.0 mM
[(tmpa)Cu'']2*. A separate experiment involving reaction of [(tmpa)Cu!']2* with H,0, was
conducted to confirm whether or not [(tmpa)Cu'']2* catalyzed the decomposition of H,0,
produced. No significant change in H,O, concentration was detected by iodometry, as
shown in Fig. S1 in the ESI.T Thus, the reaction mechanism of the O, reduction appears to
be altered in the presence of [(tmpa)Cu'!]2*. On the other hand, the quantum yield for the
photocatalytic oxidation of p-xylene in the presence of [(tmpa)Cu'']2* (1.0 mM), Acr*-Mes
(2.0 x 107 mM) and p-xylene (1.0 x 102 M) excited at 420 nm was determined to be 0.13
using ferrioxalate actinometer. The quantum yield was similar to that determined for the
reaction system in the absence of [(tmpa)Cu!]2*.18

Fig. 3a shows the UV-vis absorption spectra of the reaction solutions with different
concentrations of [(tmpa)Cu'']2* after photoirradiation for 3.5 h alongside a solution not
undergoing photoirradiation. The characteristic bands of Acr*—Mes around 360 nm and 423
nm decreased after photoirradiation, indicating the decomposition of Acr*—Mes during the
reaction. Fig. 3b shows the survival ratio of Acrt*—Mes estimated from the relative
absorbance at 423 nm depending on the reaction solution concentration of [(tmpa)Cu'']2*.
The survival ratio of Acr*—Mes increased in proportion to the concentration of
[(tmpa)Cu'']2* up to 0.5 mM reaching a high of 78%.

The high survival ratio of Acr'—Mes in the presence of [(tmpa)Cu'']?* also benefits the
turnover number (TON) in the photooxygenation of p-xylene. Fig. 4 shows the time profiles
of the TON for the photocatalytic p-xylene oxidation in MeCN. These experiments were
performed by photoirradiation of an MeCN solution containing p-xylene (6.0 x 1072 M) and
Acr—Mes (2.0 x 1074 M) in the absence or presence of [(tmpa)Cu']%* (2.0 x 1073 M). In
the absence of [(tmpa)Cu'']2*, the TON of Acr*—Mes reached ~100 although the ratio of p-
xylene to Acr*—Mes was 300, indicating the deactivation of Acr*—Mes during the reaction.
In the presence of [(tmpa)Cu']2*, p-xylene in the reaction solution was completely
converted to p-tolualdehyde. When p-xylene (3.6 x 107> mol) was further added to the
reaction solution after this photoirradiation, it was also completely converted to p-
tolualdehyde, in this second round. For three additions of p-xylene, its complete conversion
was observed. Thus, the TON of Acr*—Mes in the presence of [(tmpa)Cu'']2* became higher
than 1200, which is more than 11 times higher than the TON obtained without
[(tmpa)Cu'']2*. In contrast to the case of [(tmpa)Cu']2*, a significant deceleration was
observed in the p-xylene oxygenation reaction with the addition of Cu''(Cl10,)s.

TElectronic supplementary information (ESI) available: UV-vis spectra of titration of H2O2 with Nal in MeCN (Fig. S1).
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3.2. Kinetic studies of electron transfer from photogenerated Acr -Mes * to O, and
[(tmpa)Cu'l]2*

Nanosecond laser flash photolysis measurements on Acr*—Mes were conducted to detect the
electron-transfer state (Acr -Mes *) in the absence and presence of O, and [(tmpa)Cu'']2*.
Laser excitation at 430 nm of an MeCN solution containing Acr*—-Mes (1.0 x 1074 M)
results in the formation of the electron-transfer state (Acr —Mes *).7:32 Fig. 5a shows the
decay curves of absorption at 500 nm due to the Acr moiety of Acr -Mes *. The absorption
decay became faster by increasing the concentration of O in the solution. The decay obeyed
pseudo-first-order kinetics and the pseudo-first-order rate constant (4ps) increased linearly
with increasing concentration of O,, as shown in Fig. 5b. The second-order rate constant
(ko) of electron transfer from the Acr moiety of Acr —Mes * to O, was determined from
the slope of a linear plot in Fig. 5b to be 6.5 x 108 M~1 s™1, The presence of [(tmpa)Cu']2*
also increased the decay rate of the Acr moiety of Acr —-Mes * generated by
photoirradiation. The decay rate also obeyed pseudo-first-order kinetics and the pseudo-first-
order rate constant (kops) increased linearly with increasing concentration of [(tmpa)Cu'')2*,
as shown in Fig. 5d. The second-order rate constant (kc,) of electron transfer from Acr —
Mes * to [(tmpa)Cu'']%* was determined to be 1.5 x 108 M~1 571 from the slope of the plot
shown in Fig. 5d. The smaller second-order rate constants of Az, compared with g
confirms that the electron transfer from the Acr moiety of Acr -Mes * to [(tmpa)Cuz”]2+ is
much slower than that to O, under the present reaction conditions, because the concentration
of O, is 13 mM, which is more than 5 times higher than the concentration of [(tmpa)Cu']2*.

3.3. Detection of reaction intermediate at low temperature

The kinetic measurements suggest that the one-electron reduction of O, by the Acr moiety
occurred in both the absence and presence of [(tmpa)Cu']2*. In the absence of
[(tmpa)Cu'']2*, H,0, was formed by disproportionation of two molecules of 0, ~, which is
formed by the one-electron reduction of O, with the Acr moiety. Thus, the lesser formation
of H,0, in the presence of [(tmpa)Cu'!]2* suggests that O, ~ may react with [(tmpa)Cu'']%*
before the disproportionation. The intermediate species can be detected in the presence of 1-
benzyl-1,4-dihydronicotinamide dimer [(BNA),], which acts as a two-electron donor to be
able to reduce O, to two equivalents of O, ~.33:34

The UV-vis spectral change was recorded for an EtCN solution containing (BNA), (2.5 x
1074 M), Acr*—Mes (5.0 x 107> M) and [(tmpa)Cu'"]?* (5.0 x 10™# M) by photoirradiation
(A =420 nm) at 203 K as shown in Fig. 6a. Characteristic absorption bands around 525 nm
and 610 nm assignable to [{(tmpa)Cu!'},0,]2" complex26-29 increased while the absorption
around 410 nm owing to (BNA), decreased with photoirradiation. Time profiles of the
absorbance at 410 nm and 525 nm are indicated in Fig. 6b. These clearly showed the
oxidation of (BNA), and formation of [{(tmpa)Cu'},0,]2* in the same time regime.

When Cu(ClO4), was used instead of [(tmpa)Cu']2*, neither the appearance of absorption
around 520 nm nor the decay of absorbance at 410 nm was observed (Fig. 7). The
photoirradiation of Acr*—Mes results in the formation of Acr —-Mes * and the Acr moiety of
Acr —Mes * reduces O, to produce O, ~ and Acr*—Mes *.8 O, ~ may reduce a Cu?* ion to
produce a Cu* ion and O,, and the Cu* ion may be immediately oxidized by the Mes *
moiety of Acrt—Mes * to regenerate Acr*—~Mes and a Cu?* ion. Thus, the back electron
transfer from Cu* to the Mes * moiety of Acr*—Mes * prohibits the oxidation of (BNA), in
EtCN as well as the p-xylene substrate in the original reaction solution.

Scheme 1 depicts the derived photocatalytic reaction mechanism with [(pmpa)Cu"]2+. The
photocatalyst Acr*—Mes forms the long-lived electron-transfer state Acr —-Mes * following
photoirradiation.”-32 The Mes * moiety of Acr —Mes * oxidizes p-xylene to a p-xylene

Phys Chem Chem Phys. Author manuscript; available in PMC 2013 July 21.
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radical cation, because the oxidation potential of p-xylene (1.93 V vs. SCE) is lower than the
reduction potential of Acr ——Mes * (2.06 V vs. SCE).18 Because the one-electron oxidation
potential of the product (p-tolualdehyde) is also higher than the reduction potential of Acr —
Mes *, no further oxidation of p-tolualdehyde occurred, making the present photocatalytic
oxygenation of p-xylene highly selective.18 Then, the p-xylene radical cation formed is
immediately deprotonated to produce a p-methylbenzyl radical. This carbon-centered radical
reacts with molecular oxygen to give the p-methylbenzylperoxyl radical, which
disproportionates to yield p-methylbenzyl alcohol and p-tolualdehyde.18p-Methylbenzyl
alcohol is further oxidized by the same catalytic cycle, even more efficiently, to produce p-
tolualdehyde as the final oxidized product of p-xylene.14:18 On the other hand, the Acr
moiety can react with O, as evidenced by nanosecond laser flash photolysis (Fig. 5a). The
0, ~ produced reacts with [(tmpa)Cu'']2* to form [(tmpa)Cu'!(O, 7)]*, which is known to be
in equilibrium with [(tmpa)Cu']* and 0,.28 The Cu(l1)-superoxo complex
[(tmpa)Cu'!(O, 7)]* is further reduced by [(tmpa)Cu']* to form the dinuclear Cu(ll)-peroxo
complex [{(tmpa)Cu''},0,]?* as shown in Fig. 6a.32 The fast trap of O, ~ by [(tmpa)Cu'']>*
prevents back electron transfer from O, ~ to the Mes * moiety of Acr -Mes ™, resulting in
acceleration of the photocatalytic oxygenation of p-xylene with O, as shown in Fig. 2a. It
was reported that [{(tmpa)Cu''},0,]2* was further reduced in the presence of protons to
produce H,0 accompanied by regeneration of [(tmpa)Cu'']2*.35 Thus, the formation of
H,0, is avoided by the presence of [(tmpa)Cu'']2*, which can catalyze the four-electron
reduction of O, (Fig. 2b).3> The removal of potential oxidants (O, ~ and H,05) by
[(tmpa)Cu'']2* led to improvement of the durability of the photocatalyst (Acr*—Mes) as
shown in Figs 3 and 4.

Conclusions

The photocatalytic durability of Acr*—Mes in the selective photocatalytic oxygenation of o
xylene with O, to yield p-tolualdehyde was significantly improved by addition of
[(tmpa)Cu'']2*; the latter can trap O, ~ produced by the one-electron reduction of O, by the
Acr moiety of Acr —Mes *, which is the photoproduct of the organic Acrt—Mes catalyst.
Overall, molecular oxygen is reduced to water via the dinuclear Cu''-peroxo complex,
[{(tmpa)Cu!'},0,]%*. In contrast to the case of [(tmpa)Cu']2*, Cul'(CIO,), prohibits the
photocatalytic oxygenation of p-xylene with O, because of the fast back electron transfer
from the Cu™ ion to the Mes * moiety of Acr —Mes *. In conclusion, the efficient trapping of
0, ~ by [(tmpa)Cu'']%* and its further reduction to water with [(tmpa)Cu']* prevents
degradation of Acr*—Mes by its oxidation with reactive oxygen species.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

A IH NMR spectrum of oxygen-saturated CD3CN solution containing Acr*—Mes (2.0 x
1074 M), [(tmpa)Cu'']2* (1.0 x 1073 M) and p-xylene (3.0 x 102 M) after photoirradiation
for 3.5 h. The peaks labelled a and b were assigned to p-xylene and those labelled c—f were
due to p-tolualdehyde.
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Fig. 2.

(a) Time profiles of the yield of p-tolualdehyde in the photo-oxygenation of p-xylene (3.0 x
1072 M) in oxygen-saturated CD3CN containing Acr*—Mes (2.0 x 1074 mM) and
[(tmpa)Cu'']2* (0-3.0 mM). (b) Time profiles of the yield of H,0, in the photooxygenation
of p-xylene (3.0 x 1072 M) in oxygen-saturated CD3CN containing Acr*—Mes (2.0 x 1074
M) and [(tmpa)Cu']Z* (0 mM, black; 0.05 mM, orange; 0.10 mM, green; 0.5 mM, blug; 1.0
mM, red; 2.0 mM, grey and 3.0 mM, brown).
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Fig. 3.

(a) UV-vis spectra of reaction solutions after photoirradiation for 3.5 h. ([Acr—Mes]: 2.0 x
1074 M, [(tmpa)Cu'']2*: 0 mM, black; 0.05 mM, orange; 0.10 mM, green; 0.5 mM, blue; 1.0
mM, red; 2.0 mM). (b) The survival ratio of Acr*—Mes after photoirradiation for 3.5 h as a
function of the concentration of [(tmpa)Cu'']2*.

Phys Chem Chem Phys. Author manuscript; available in PMC 2013 July 21.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Yamada et al.

Page 12
1500
Additional p-Xylene (60 mM)
1000 | l
&
-
500 (- with [(tmpa)Cu"]?+
without [(tmpa)Cu'"]?*
with Cu2*ion
0 1 | 1

0 20 40 60 80 100
Time/h

Fig. 4.

Time profiles of the turnover number for p-xylene oxygenation (6.0 x 1072 M) under
photoirradiation (A > 390 nm) of an O,-saturated MeCN solution containing Acr*—Mes (2.0
x 1074 M) in the absence or presence of [(tmpa)Cu'']2* or Cu(CIO,), (2.0 x 1073 M). TON
= [oxygenated products]/[Acr—Mes].
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Fig. 5.

(a) Transient absorbance time profiles at 500 nm due to Acr —-Mes in CH3CN containing
Acr*—Mes (1.0 x 10™* M) and oxygen (0 to 2.0 x 10~* mM) after laser irradiation (A = 430
nm). (b) A plot of the pseudo-first-order rate constant (kgps) for electron transfer from the
Acr moiety of Acr —Mes * to O, vs. [O5]. (c) Time profiles of absorbance at 500 nm due to
Acr —-Mes * in CH3CN containing Acr*—Mes (1.0 x 107 M) and [(tmpa)Cu'']2* (0 to 6.0 x
10~* mM) after photoirradiation (A = 430 nm). (d) A plot of the pseudo-first-order rate
constant (kops) for electron transfer from the Acr moiety of Acr —Mes * to

[(tmpa)Cu'']2* vs. [[(tmpa)Cu']?*].
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(a) The UV-vis spectral change of an EtCN solution containing (BNA), (2.5 x 1074 M),
Acrt-Mes (5.0 x 1075 M) and [(tmpa)Cu'']2* (5.0 x 1074 M) before (blue line) and after
(red line) photoirradiation (A = 420 nm) at 203 K. (b) Time profiles of absorbance at 410 nm
due to (BNA), (blue square) and 525 nm due to [{(tmpa)Cu''},0,]%* complex (red circle).
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(a) The UV-vis spectral change of an EtCN solution containing (BNA), (2.5 x 1074 M),
Acr—Mes (5.0 x 107> M) and Cu''(CI0,), (5.0 x 1074 M) before (blue line) and after (red
line) photoirradiation (A = 420 nm) at 203 K. (b) Time profiles of absorbance at 410 nm due
to (BNA), (blue circle) and 525 nm due to dimeric copper species (red circle).
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Scheme 1.

The reaction mechanism of the photocatalytic oxygenation of p-xylene with O, in the

presence of [(tmpa)Cul']2*. (L = tmpa).
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