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ARTICLE INFO ABSTRACT

Keywords: The development of mild and efficient process for the selective oxidation of organic compounds by molecular
Ethylbenzene oxygen (O5) can be one of the key technologies for synthesizing oxygenates. This paper discloses an efficient and
Acetophenone mild synthesis protocol for the Os-involved ethylbenzene (EB) photooxidation triggered by 910-dihydroan-
9’10'dihy_dr°anmracene thracene (DHA) auto- photooxidation in acetone under visible light illumination, which can achieve 87.7 % EB
Anthraq1'1mo.ne conversion and 99.5 % acetylacetone (ACP) selectivity under ambient conditions. Also, 62.9 % EB conversion
Photooxidation o . .. . s
and 96.3 % ACP selectivity is obtained in air atmosphere. Furthermore, this protocol has a good adaptability for
the photooxidation of other organic substrates such as tetrahydronaphthalene, diphenylmethane, toluene, cy-
clohexane, cyclohexene, alcohol, methylfuran and thioether to their corresponding oxygenates. A series of
control and quenching tests, combined with EPR spectra, suggest that the photo-excited DHA can transfer its
photo-electron to O, to yield a superoxide radical anion (0,® ), then DHA is preferentially oxidized to an-
thraquinone (AQ) by the active O,®~ owing to its high reactivity. Finally, the in situ generated AQ as an active
photo-catalyst can achieve the photooxidation of EB and other organic compounds by O,. The present photo-
autoxidation protocol gives a good example for the O,-based selective oxidation of inert hydrocarbons under
mild conditions.
Introduction separation. Not only the stoichiometric oxidation needs to consume

The selective oxidation of hydrocarbons to the corresponding
oxygen-containing compounds, including alcohols, aldehydes, ketones,
epoxides, and carboxylic acids, is one of the most important and chal-
lenging reactions in the chemical industry [1,2]. Recently, the selective
oxidation of ethylbenzene (EB) to the higher-value-added product
acetophenone (ACP) has received increasing attention because ACP is
used as an intermediate for the manufacture of some perfumes, phar-
maceuticals, resins, alcohols, aldehydes and esters [3-5]. Traditionally,
ACP is synthesized by Friedel-Crafts acylation of arenes by acyl halides
or acid anhydrides with Lewis acids as catalysts [6] or by the oxidation
of alkylarenes with stoichiometric inorganic oxidants, such as per-
manganate or dichromate [7]. Unfortunately, Friedel-Crafts acylation
needs to use large amount of Lewis acid catalyst (at least 1.2 eq relative
to the substrate), which drastically increases a burden of product
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large quantities of oxidants but also produces large quantities of nox-
ious and corrosive wastes, and separating reactants and products from
the liquid reaction mixture are difficult. Recently, considerable research
efforts have been dedicated to the selective oxidation of EB to ACP by
using various heterogeneous catalysts including alumina/silica sup-
ported Mn-containing complexes [8-10], supported Co-containing
complexes [11-15], Cr-, Mn-, Co- and Ce-containing mesoporous mo-
lecular sieves [16-20], as well as Mn- and Cu-containing hydrotalcites
[4,21-23]. Table 1 lists some representative catalysis oxidation systems
for the synthesis ACP from EB. In that, the use of tert-butyl hydroper-
oxide (TBHP) as an oxidant could usually obtain a high EB conversion
(69-99 %) and ACP selectivity (80-99.9 %) at 80 —120 °C [24-27], but
its excessive use results in a significant increase in cost. The molecular
oxygen (0O,)-involved EB oxidation is highly appreciated owing to a low
cost and an environmental friendliness, but this oxidation protocol
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Table 1
Comparison of the results of oxidation reaction of EB under different oxidation systems.
Entry Catalyst Oxidant/ Solvent T (°C) EB Conv. (%) ACP Sel. (%) Ref.
(atm) (mL) t (h)
1 A*-MMO TBHP ® None 120, 12 92.8 89.4 [24]
2 N-GM-B ¢ TBHP ° H,0 (3) 80, 24 97.5 97.2 [25]
3 MMO-0.5/A ¢ TBHP ° None 120, 12 69.5 80.4 [26]
4 p-Co-N-C-700H © TBHP ® H,0 (3) 80, 12 99.8 99.9 [27]
5 ZnCr-LDH/CNTs © 0, (10) None 130, 6 54.2 93.7 [28]
6 CNTs-HCl & 0, (15) MeCN (30) 155, 4 35.6 61.1 [29]
7 VVOQ./NHPI 0, (1) PhCN  (6) 90, 12 69.0 97.0 [30]
8 MPcTs-Zn,Al-LDH/NHQI J 0, (1) PhCN ' (6) 120, 24 90.0 99.0 [31]
9k TiO, 0, (1) H,0 (13) rt., 2 6.71 100 [34]
10! PWyV3-HCL 0, (1) MeCN (5.5) rt., 12 16.1 66.5 [35]
11! TMADT-HCl/H,0 0, (1) MeCN (5.5) rt., 12 19.0 82.1 [36]
12! CQD/TBADT-HCI 0, (1) MecCN (5) rt., 12 20.4 78.7 [37]
13™ TCNS " 0, (1) MeCN 35,6 58.0 55.2 [38]
14! DHA 0, (1) Acetone (5) rt., 12 87.7 99.5 This work
15! DHA Air (1) Acetone (5) rt., 12 62.9 96.3 This work
16! AQ 0, (1) Acetone (5) rt., 12 86.5 99.8 This work

2 A, AlL,O;@CoCuAl; ® TBHP, Tert-butyl hydroperoxide; ¢ N-GM-B, N-doped graphene material (dealing with 1 M HCI); d Hierarchical flower-like core-shell structured
Co-based mixed metal oxides; ¢ Co and N co-doped carbon catalysts;  hybrid Zn—Cr layered double hydroxide/carbon nanotubes nanocomposite; # CNTs — HCl, CNTs
were stirred in concentrated HCI for 6 h; h VvV0Q,, Oxobis (2,4-pentanedionate) vanadium (IV) (VIVO (acac),); ! PhCN, benzonitrile; j Car-NHPI, 4-carboxyIN-
hydroxyphthalimide; NHQI, N-hydroxyquinolinimide; ¥ 5 W UV-vis Pen Ray lamp; ' Using 35 W tungsten-bromine lamp as visible-light source; ™ Solar light; ™ TiO,

doped with C, N, and S elements.

usually needs to use a high temperature (130—155°C) to efficiently
activate the inert O,, affording a relatively low efficiency (35-54 % EB
conversion and 61-94 % ACP selectivity) [28,29]. N-hydro-
xyphthalimide (NHPI) combined V'VOQ, [30], especially CoPcTs-
Zn,Al-LDHs [31], could efficiently catalyze the oxidation of EB by O, at
90-120°C, giving a high EB conversion (69-95 %) and an excellent
90-99 % ACP selectivity. Unfortunately, the extensive use of expensive
NHPI (about 10-20 %) and relatively harsh reaction conditions in this
synthesis protocol elevate cost and energy consumption for the synth-
esis of ACP from EB. Photo-catalysis arises from synthetic, mechanistic,
or environmental application that represents a key strategy for the
development of sustainable methods for chemical transformations
[32,33], and it has been successfully applied to the synthesis of ACP
from EB oxidation with O, under very mild conditions. But the cur-
rently reported photo-catalysts such TiO, [34], PMoV —HCI [35], dec-
atungstates (DTs) [36,37] have a much lower photooxidation efficiency
than the above-mentioned thermal catalysis systems and the best cat-
alyst TCNS [38] could only achieve 58 % EB conversion and 55 % ACP
selectivity. It is, therefore, still an important and challenging task to
develop a mild and highly efficient photo-synthetic protocol for the
oxidation of EB to ACP by O,, which can achieve almost equal effi-
ciency to the highly efficient thermal catalysis oxidation systems.
Inspired by our recently reported work [39], visible light could di-
rectly trigger the oxidation of 910-dihydroanthracene (DHA) without
any extra catalysts and additives under room temperature and 1 atm
pure O, atmosphere, thereby quantitatively generating anthraquinone
(AQ) as an active photo-catalyst, we suggest that the DHA-based auto-
phtooxidation may be an efficient, eco-friendly and mild photo-syn-
thetic protocol for converting relatively inert organic compounds to the
corresponding oxygenated products. Herein, we would report the suc-
cessful applications of this photo-synthetic protocol in the photo-
oxidation of various organic compounds by O,, which can meet the
requirements of the green chemistry principles. In EB photooxidation,
this protocol can achieve respectively 87.7 % EB conversion and 99.5 %
ACP selectivity at room temperature under 12h of visible light irra-
diation and pure O, atmosphere and even using air instead of pure O,
can also achieve 62.9 % EB conversion and 96.3 % ACP selectivity,
respectively, which has a remarkably comprehensive advantage over
most of the oxidation systems in Table 1 previously reported. Further-
more, the DHA-based photo-synthetic protocol has a good adaptability
for the selective oxidation of other organic substrates such as

tetrahydronaphthalene, diphenylmethane, cyclohexane, toluene (sub-
stituent toluene), methylfuran, cyclohexene, alcohol and thioether to
their corresponding oxygenates, which gives a good example to propose
a new method to the selective oxygenation of organic compounds by
molecular oxygen.

Experimental section
Reagents and materials

Materials and reagents used in this study were 910-dihydroan-
thracene (DHA), cyclohexane, toluene, ethylbenzene, cyclohexanol,
benzyl alcohol, diphenylmethane, tetrahydronaphthalene, cyclohexene,
p-bromoethylbenzene, p-nitrotoluene, p-xylene, m-chlorotoluene, n-
hexanol, n-pentane, 2-methylfuran, thioanisole, furfuryl alcohol,
acetone, acetonitrile (MeCN), isopropanol (IPA), benzoquinone (BQ),
anthraquinone (AQ), 2,2,6,6-Tetramethylpiperidinooxy (TEMPO), 5,5-
Dimethyl-1-pyrroline N-oxide (DMPO), deuterated acetone (Acetone-
de), N,N-dimethylformamide (DMF), N,N-dimethyl acetamide (DMA),
all of which were of analytical grade.

Characterization of samples

UV-vis spectra of the liquid samples in acetone were recorded from
200 to 800nm on UV-2450 spectrophotometer (Shimadzu, Japan).
Photo-luminescence (PL) spectra of the liquid samples in various sol-
vents were carried out on fluorescence spectrophotometer (HITACHI F-
7000) at room temperature. EPR spectra of the samples were measured
in 50 pL quartz tubes on a Bruker A300—10/12/S at room temperature.
The spectrometer at 9.8 GHz, modulation frequency 100 kHz, modula-
tion amplitude 3 G. EPR spectra were simulated using an extended
version of the program Bruker Win EPR.

Visible-light-catalytic oxidation experiments

The visible light-driven oxygenation of ethylbenzene (EB) by O, in
the presence of a catalytic amount of DHA was performed in a self-
assembly common glass photo-reactor (Fig. S1) equipped with a water-
cooled condenser and an oxygen storage vessel (1 atm) [40]. A 35W
tungsten-bromine lamp (purchased from NVC lighting corporation;
Light intensity, 535 mW/cm? Operating voltage, 12V; The emission



D. Jiang, et al.

spectra of the tungsten—bromine lamp is shown in Fig. S2) came with an
UV light filter (Osram brand) was immersed in the acetone solution
containing DHA (0.05 mmol) and EB (0.5 mmol). The reaction mixture
was stirred magnetically under pure oxygen (1 atm) or air atmosphere
and sustained visible light irradiation, and the temperature of reaction
solution increased to about 25 °C because of the heating effect of light
irradiation. After the desired irradiation time had elapsed, the reaction
was stopped and the oxidative products of EB were quantitatively
analyzed on an Agilent 6890 N gas chromatograph (GC) with a DB-17
polysiloxane capillary column (30 m X 0.32 mm X 0.50 um) and flame
ionization detector (FID) using cyclohexanone as an internal standard,
the oxidative products of DHA were determined on an Agilent 1260
HPLC (Agilent, USA) with an external standard method and the specific
detection conditions were as follows: 4.6 x 250 mm of Agilent SB-C 18
chromatographic column, acetonitrile/ water 65:35 (v/v) of mobile
phase, 0.5mL/min of flow rate, 260 nm UV detector, column tem-
perature 30 °C, injection volume 20 pL. The conversion of EB was cal-
culated by dividing the actual added molar mass of EB by the reacted
molar mass of EB obtained from the oxygenated products. The se-
lectivity of ACP was calculated by dividing the molar mass of oxyge-
nated products by the molar mass of ACP. The yield of AQ was calcu-
lated by dividing the actual produced molar mass of AQ by the
theoretical molar mass of AQ.

Results and discussion
Photooxidation of EB under different conditions

Table 2 lists the data for the DHA-triggered EB photooxidation to
ACP under various reaction conditions. Under the standard conditions,
with acetone solvent, 1 atm pure O, and 12 h of sustained visible light
irradiation under room temperature, the DHA-based photosynthetic
protocol could achieve 87.7 % EB conversion and 99.5 % selectivity
(Entry 1), representing a mild and efficient character. Even if using air
instead of pure O, the protocol still exhibited a good efficiency, af-
fording 62.9 % EB conversion and 86.4 % ACP selectivity (Entry 2).
And the use of AQ instead of DHA might achieve 86.5 % EB conversion

Table 2
The photooxidation of EB by molecular oxygen under different conditions.

OH o
DHA, 5 mL acetone, O, ©)\ ©)k
Visible light illumination 12 h +
EB a-PEA ACP
Entry Change from standard conditions  Conv. (%) Sel. (%) AQ yield
I CO))
ACP a-PEA
1 Standard ? 87.7 99.5 05 71.8
2 Air instead of Oy 62.9 96.3 3.7 56.7
3 AQ instead of DHA 86.5 99.8 0.2 -
4> violet light, 6 h 1.0 60.3 29.7  24.4
55¢  Blue light, 6h 0 0 0 0
6™  Violet light, 6 h, AQ instead of 12.6 76.6 23.4 -
DHA
7 %< Blue light, 6 h, AQ instead of DHA 0 0 0
8¢ Without light illumination 0 0 0
9 Without DHA 0 0 0 -
10 N, instead of O, 0.1 36.1 639 0.8

2Standard reaction conditions: EB, 0.5 mmol; DHA, 0.05 mmol; Pure O, 1 atm;
Acetone, 5mL; 35W tungsten-bromine lamp as a built-in light source, illumi-
nation time, 12h; ® By use of an external radiation; ¢ Using a monochromatic
green light with a center wavelength of 500 nm obtained by a 300 W xenon
lamp equipped with a light filter of 500 nm; DHA, 0.4 mmol; Acetone, 20 mL; d
Using a monochromatic violet light with a center wavelength of 400 nm ob-
tained by a 300 W xenon lamp equipped with a light filter of 400 nm; DHA,
0.4 mmol; Acetone, 20 mL; € 35 °C, in the dark;
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and 99.8 % ACP selectivity (Entry 3), which was almost equal to the
current standard synthesis protocol. The current photooxidation was
further studied with a monochromatic visible light as an external illu-
mination to make clear the specific work wavelength (the reaction
device sees Fig. S3). As shown in Entry 4, the auto-photooxidation of
DHA by O, could be driven by a violet light of 400 nm and achieved
24.4 % AQ yield, along with the occurrence of a trace EB photooxida-
tion (1% conversion). And AQ more efficiently catalyzed the photo-
oxidation of EB with O, under this violet light illumination, providing a
much higher 12.6 % EB conversion than the DHA-triggered EB photo-
xidation (Entry 5). But the photooxidation of EB by O, could not occur
under the illumination of a blue light of 500 nm whether DHA or AQ
was used as a source of photo-catalyst or a photo-catalyst (Entries 6
and 7). These findings indicate that DHA-triggered EB photoxidation
can function only using a violet light part of tungsten-bromine lamp and
its goal product AQ can work well owing to its stronger absorption to
this violet light than DHA, as supported by UV-vis spectral character-
izations in Fig. S4. Notably, AQ can be accumulated by preferentially
catalyzing the photooxidation of DHA because the C-H bond dissocia-
tion energy (78.0 kcal® mol ') of DHA is smaller than that of EB (87
kcal@ mol~'). And the accumulated AQ, as an active photo-catalyst,
should be responsible for the photooxidation of EB to ACP. Three blank
experiments conducted in the absence of O or DHA or without light
irradiation confirmed that O,, DHA and light irradiation are necessary
for this photo-synthetic protocol (Entries 8 and 10).

Photooxidation of various substrates

In order to verify the adaptability of the above DHA-based photo-
synthetic protocol, the photooxidation of various hydrocarbons with
primary or/and secondary C-H bonds as well as four alcohols and a
thioether was examined using the above standard reaction conditions.
As shown in Table 3, in the examined hydrocarbons with secondary
C-H bonds, DHA could very efficiently trigger the photo-oxidations of
three aromatic EB, tetrahydronaphthalene and diphenylmethane, re-
spectively affording 87.7, 90.2 and 97.5 % conversions with an almost
100 % selectivity for the corresponding ketones (Entries 1-3). But its
synthetic efficilency was significantly reduced when p-bro-
moethylbenzene, especially cyclohexene and cyclohexane were used as
substrates (Entries 4-6). Entries 7-10 show that in the presence of
DHA, benzyl alcohol, n-hexanol, especially cyclohexanol and thioani-
sole were also efficiently oxidized by O, to the corresponding oxyge-
nated products under illumination, giving 71.4, 79.9, 94.8 and 96.5 %
conversions, respectively. But DHA exhibited a relatively low efficiency
for the photooxidation of furfuryl alcohol (Entry 11, 48.0 % conver-
sion). Entry 12 shows that with DHA, the photooxidation of toluene to
benzaldehyde and benzoic acid could also proceed but afforded a low
conversion of 24 %. And its reactivity was influenced by the aromatic
ring substituent, which was significantly improved when introducing a
p-methyl (Entry 13, 66.1 % conversion) but significantly decreased
when introducing a meso-chlorine (Entry 14, 10 % conversion) and
almost lost when introducing a para-NO, (Entry 15, 1% conversion). In
addition, DHA exhibited a poor synthetic efficiency for the photo-
oxidation of 2-methylfuran to furfural and furanoic acid (Entry 16,
10.3 % conversion) and was even completely ineffective for the pho-
tooxidation of n-pentane although this linear alkane contained sec-
ondary C-H bonds (Entry 17). The reactivity of some hydrocarbons
diphenylmethane, tetrahydronaphthalene, EB, toluene and cyclohexane
is obviously inversely proportional to their C-H bond dissociation en-
ergies (BDEs) at the reactive sites (see Table 3), supporting that their
photo-activation complies with a hydrogen atom transfer (HAT) me-
chanism [36,37]. But the photo-activation of other hydrocarbons does
not seem to comply with the HAT mechanism because the above-
mentioned inverse relationship is controversial on them. Four typical
examples are that p-xylene, toluene, p-nitrotoluene and n-pentane have
almost equivalent BDE values at the reactive sites to each other, but
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Table 3
Data for photooxidation of different substrates triggered by DHA auto-photooxidation *
Entry Substrate Conv. (%) Sel. of main products (%) BDE ™
/ kealmol !
1° &~ 87.7 o~ 0.5 O~ 99.5 87 [45]
H o
2°¢ 0 90.2 i 99.2 Cow 0.8 85 [46]
d on )
3 97.5 o0 0 oo 100 82 [47]
44 o 66.1 e ve 12.2 e 87.8
Br’
5e O 20.3 o 22.1 Chron 20.6 Cro 57.3 84 [48]
6f O 19.2 O)-on 12.2 O)o 87.8 99 [49]
7" o 71.4 -emo 65.1 C)coon 349 83 [50]
8¢ e~ 79.9 ANY 11.2 \/\/\fo 88.8 92 [51]
OH
9f O—OH 94.8 Oﬂ, 100 91 [50]
10 ¢ @/S\ 96.5 2 89.8 9 10.2
o ot
o
11° 0 48.0 0 5.0 o ou 95.0
12° - 24.0 -cmo 61.1 )-coon 38.9 91.1 [41]
134 - 66.1 TPA® 2.8 4-CBAM 3.9 TPD! 1.2 p-TA 83.1 TALD¥ 9.0 90.7 [41]
144 g 10.0 - 70.8 . 29.2 90.8 [41]
< i i
154 g = 1.0 e O, 88.3 “"'g‘@‘”“’ 11.7 90.5 [41]
o
16" o. 10.3 o, 1.7 o o 98.3 89 [52]
17! ~~ 0 Jo 0 oY ~N 0 ~Y 0 94 [51]
(o]

@ Reaction condition: Substrate, 0.5 mmol; DHA, 0.05 mmol; Pure O, 1 atm; Acetone, 5 mL; 35 W tungsten-bromine lamp as a built-in light source, illumination time,
12h. ® The oxidative products were quantitatively analyzed on an Agilent 6890 N gas chromatograph (GC) using cyclohexanone as an internal standard; © The
oxidation products were quantified by GC using anisole as an internal standard. ¢ The oxidation products were quantified by Agilent 1260 HPLC with an external
standard method; © The oxidation products were quantified by GC using EB as an internal standard. f The oxidation products were quantified by GC using cyclo-
pentanone as an internal standard; & TPA denotes terephthalic acid; ! 4-CBA denotes p-carboxybenzaldehyde; ! TPD denotes p-phthalaldehyde; ! p-TA denotes p-toluic
acid; ¥ TALD denotes p-tolualdehyde; ! No product was detected by GC; ™ BDE denotes bond dissociation energy.

they are very different in reactivity. Notably, the reactivity of these four
substrates is obviously inversely related to their ionization energies
(IEs, 185, 194, 230 and 241 kcal mol ™! [41,42]), supporting that their
photo-activation likely relies on the electron transfer (ET) pathway, as
previously suggested by Neumann and co-workers in the oxidation of
toluene derivatives catalyzed by HsPV2Mo;0040 in 50 % H»SO4 solution
[43]. In addition, the stability of carbon-centered radical generated in
the photo-activation of hydrocarbons by HAT or ET-coupled proton
transfer (ET—PT) pathway is dominated by spin delocalization [44],
which may be the factor that determines the reactivity of hydrocarbons
[43]. It is well known that benzylic radical has a higher stability than
allyl and especially alkyl radicals, and its stability increases on the
electron donating alkyl substituents but decreases on the electron
withdrawing halogen substituents [42,43]. Therefore, the much higher
reactivity of alkyl aromatics than the halogen- or especially nitro-sub-
stituted toluene derivatives and nonaromatic hydrocarbons is partly
due to a good stability of their benzylic radicals.

Effect of variables on DHA-triggered EB photooxidation

The effect of variables on DHA-triggered EB photooxidation was
further examined and the results are shown in Figs. 1-4. It can be seen
from Fig. 1 that the efficiency of EB photooxidation triggered by DHA
was drastically influenced by reaction medium, which was the highest
in acetone medium with a good solubility for the actual photo-gener-
ated catalyst AQ. However, the efficiency was remarkably reduced in
MeCN, providing only 45.9 % EB conversion and 67.7 % ACP se-
lectivity. One possible reason is that AQ is low soluble in MeCN and its
continuous accumulation during photoreaction causes the reaction so-
lution become very turbid, thus leading to a significant decrease of light
absorption efficiency. It is puzzling that in DMF or DMA, it was almost

1004 “AVES L 100
g

: =
80 5 F80 X
~ >
5 £
2 601 r60 S
L
2 2
8 El
= 40 40 2
&

204 20

EB conversion

DMF
Solvents

Fig. 1. Effect of solvents on the DHA-mediated ethylbenzene photooxidation
(By use of standard reaction conditions in Table 2 except for solvent).

or completely impossible to trigger EB photooxidation by DHA al-
though these two solvents had a better solubility for AQ than acetone.
We propose from these solvents-regulated AQ yields in Fig. 1, that the
efficiency of DHA auto-photooxidation to AQ in these solvents should
be mainly responsible for that of EB photooxidation. And photo-
luminescence spectra of DHA in these solvents shown in Fig. S5 and the
control experiments with DMA and DMF as additives in Table S1,
support that the favorable solvation effect of MeCN and especially
acetone should originate from that they may stabilize the photo-excited
state of DHA but also hardly affect the activity of superoxide free ra-
dical (0,®~) generated in photoreaction. In sharp contrast, the
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Fig. 3. Effect of DHA concentration on its-mediated photooxidation of ethyl-
benzene (By use of standard reaction conditions in Table 2 except for DHA
concentration).

inertness of DMF and especially DMA in auto-photooxidation of DHA
should be mainly due to their significantly deactivating and even
quenching effect on the 0,® ~ radical except partly due to their weaker
stabilizing effect on the excited state of DHA.

Fig. 2 illuminates the influence of substrate EB concentration on its
photooxidation by O, in acetone. In that, when the concentration of EB
was enhanced from 0.02 to 0.1 V], its conversion continuously and ra-
pidly increased from 59.5-87.7%, along with a gradual increase in ACP
selectivity, from 94.4-99.5%. Thereafter, a further enhancing the con-
centration from 0.1 to 1.0 M resulted in a drastic reduction in the
conversion from 87.7 to 7.7 %, along with a decrease in ACP selectivity
from 99.5-64.3%. The yield of AQ in this photosynthetic protocol
continuously decreases to about 61.4 % with increasing EB concentra-
tion from 0.02 to 0.3 M, and then remains substantially unchanged
when further enhancing EB concentration. The abnormal photooxida-
tion efficiency at low EB concentration may be because when the
concentration of EB decreases to equal that of DHA, the AQ-based
photocatalytic oxidation, as supported by the yield curve of AQ in
Fig. 2, occurs upon DHA with high probability as DHA has a higher
reactivity than EB. On the other hand, the collision probability between
the catalyst AQ and the substrate EB is also reduced at low EB con-
centration. Here, the optimal concentration of EB was 0.1 M.

Fig. 3 illuminates the influence of DHA concentration on its medi-
ated photooxidation of EB by O, in acetone. As expected, when the
concentration of DHA was enhanced from 0.001 to 0.01 M, the con-
version of EB continuously and rapidly increased from 39.6-87.7%,
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Fig. 4. Effect of illumination time on the photooxidation of EB in the presence
of DHA (a) or AQ (b).
(By the use of standard reaction conditions in Table 2).

along with a gradual increase in ACP selectivity, from 84.9-99.5%.
Thereafter, a further enhancing DHA concentration from 0.01 to 0.10 M
resulted in a drastic reduction in EB conversion from 87.7-9.1%, along
with a decrease in ACP selectivity from 99.5-65.5%. At the same time,
the conversion efficiency of DHA to AQ decreased continuously with
enhancing its concentration. The abnormal photosynthetic efficiency of
this protocol at high DHA concentration may be due to the two fol-
lowing reasons: The photooxidation of DHA catalyzed by the AQ in situ
generated preferentially proceeds owing to its higher reactivity than
EB, and this advantage is magnified at a high DHA concentration. On
the other hand, a large number of precipitated AQ solid generated
during photooxidation of high-concentration DHA seriously affects the
transmittance of visible light, thus leading to a significant reduction in
the efficiency of EB photooxidation.

Fig. 4a and b compare the effects of irradiation time on the pho-
tooxidation of EB by O in acetone using the DHA-based photosynthetic
protocol and AQ photocatalyst, respectively. As shown in Fig. 4a, DHA
could not trigger the photooxidation of EB at the beginning of the re-
action (0—3h), indicating the existence of induction period. But the
auto-photooxidation of DHA could proceed at this stage, affording 20.8
% AQ yield. After that, the photooxidation of EB proceeded very slowly
at 3—4h, providing a poor 3.2 % conversion and a-phenylethanol as
the only oxygenated product. In the middle to late stages of EB pho-
tooxidation (4—12h), EB conversion and ACP selectivity were con-
tinuously and rapidly enhanced with the time, from 3.2%-87.6% and
from O to 99.8 %, respectively, along with a significant increase of AQ
yield from 37.6 and 71.8 %. After 12 h, the effect of irradiation time on
the photooxidation of EB was almost negligible. Fig. 4b shows that
when AQ was directly used as a photo-catalyst, the induction period
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above-described could be eliminated completely. the conversion of EB
uninterruptedly and quickly increased with the time in the whole
period of reaction, along with a continuous increase in the yield and
selectivity of ACP. Furthermore, the photocatalytic efficiency of AQ for
EB oxidation to ACP was higher than that of the DHA-based photo-
synthetic protocol in the reaction stage of 4—10h, but tended to agree
with each other in the final reaction stage. These findings support that
in the early reaction period, DHA is slowly photo-oxidized to its target
product AQ. In the mid-reaction, the generated AQ, as an active pho-
tocatalyst, can continuously and significantly accelerate the photo-
oxidation of DHA owing to a gradual accumulation of AQ, along with
the occurrence and acceleration of EB photooxidation. Because DHA
has a lower concentration and higher reactivity than EB, its complete
conversion to AQ can be achieved at this stage, as supported by the
auto-photooxidation results of DHA in the absence of EB (See Fig. S6).
In the late reaction, the highly accumulated AQ is fully involved in the
photooxidation of EB (See Fig. S7), finally affording 87.7 % EB con-
version and 99.8 % ACP selectivity at 12 h.

Proposed photooxidation mechanism for synthesis of ACP from EB

Quenching experiments of active species

In order to explore the mechanism of photooxidation of EB driven
by DHA auto-photooxidation, the possible photo-generated active spe-
cies in the DHA-based photo-synthetic protocol were examined by a
series of quenching experiments. As shown in Fig. 5, the photooxidation
of EB with O, could still proceed after the addition of sodium oxalate
(NayC,04, a quencher of oxygen vacancies, hole h*), benzoquinone
(BQ, a quencher of 0O, *®), especially isopropanol (IPA, a quencher of
®OH) [2,53-57] although its conversion was decreased to some extent
compared to that obtained without any scavengers. But EB photo-
oxidation was almost completely quenched by TEMPO (a quencher of
all free radicals [58]). Notably, the above quenching effects were also
noticed upon the AQ-directly catalyzed EB photooxidation with O, (See
Fig. S8). These findings suggest that the photo-generated oxygen va-
cancies (holes) and photoelectrons-derived O, ® by the excitation of
AQ under visible light in the DHA-based photosynthetic protocol should
be responsible for the photooxidation of EB. Based on the quenching
experiment of IPA, the radical species @ OH seems to be involved in the
current photooxidation protocol, but this speculation can be excluded
completely according to a fact that the quenching effect of IPA on the
auto-photooxidation of DHA to AQ was almost negligible (see Fig. S9).
We guess that IPA, as an active substrate, may participate in the com-
petition of photooxidation with EB and its second C-H BDE
(90.6 kcal mol™® [51]) is only higher than that of EB, so that its addition
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Fig. 5. The effect of various scavengers on the photooxidation of EB driven by
DHA photo-auto-oxidation.

Reaction conditions: 0.05mmol DHA, 0.5 mmol EB, 5ml acetone, 0.6 mmol
quencher, 1 atm O,, illumination 8 h;
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Fig. 6. EPR spectra of TMPO-captured O, ~ (a) and photo-excited AQ (b) in
acetone under visible light.

leads to a reduction in an efficiency of EB photooxidation. Additionally,
the contribution of singlet oxygen (*0,) to the current photooxidation
was further confirmed by the following control experiment. As shown
in Table S2, the deuterated acetone was used as a reaction medium to
enhance the stability of 10, [59,60], the DHA-triggered EB photo-
oxidation could proceed more efficiently and EB conversion increased
ca. 6% compared to that obtained in acetone, which in consistence with
the result previously reported in the AQ-based photooxidation system
[61].

EPR spin trapping

EPR spectrum is a powerful tool to certify the existence of super-
oxide radical anion (O, ~) and oxygen vacancies (holes, h*) [62,63],
which was applied to the current photooxidation system. The capturing
of O, ~ radical anion with DMPO (50 mM) and the generation of h*
species in the AQ-based photo-catalytic system were performed in
acetone under visible light and O, atmosphere. The AQ solution was
stirred for 5 min with or without illumination and immediately trans-
ferred to a test tube and its EPR signal measured under normal condi-
tions. As shown in Fig. 6a, no any EPR signal was observed when the
capturing experiment was performed in the dark. However, the DMPO-
O," ™ EPR signal could be found clearly under visible light illumination,
providing a direct proof that O, ~, as the important active oxygen
species, exists in the photooxidation protocol, which is accordant with
the results reported by other authors [64-67]. Fig. 6b displays that the
EPR signal of AQ in acetone was almost silent without light illumination
but an apparent symmetrical signal at g = 2.003 appeared in its EPR
spectrum under visible light illumination, which can be assigned to the
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Scheme 1. mechanism of EB oxidation catalyzed by AQ with O, under visible light.

oxygen vacancies with spin electrons [63]. The above EPR results
clearly certificate the existence of two active species O,"~ and h™ in the
AQ catalysis system derived by DHA auto-photooxidation, which co-
incides with the quenching experiments of active species.

Proposed photooxidation mechanism

According the present results and the previous literature reports
[68-72], we propose that DHA is excited to generate its photo-excited
state (DHA*) under visible light illumination, as supported by UV-vis
and PL spectra in Figs. S4 and S5. Then, the reductive photo-electrons of
DHA* may be transferred to O,, generating superoxide radical anions
(0,™®), as supported by the radical quenching experiments and EPR
spectrum of the DMPO-captured O, ® radicals in DHA photo-auto-
oxidation system (Figs. S10 and S11). The O, ® radicals, as active
oxygen species, should be responsible for the auto-photooxidation of
DHA to AQ, as an actual photo-catalyst in the current photo-synthetic
protocol. Next, a possible mechanism for EB photooxidation to ACP
catalyzed by the in situ generated and continuously accumulated AQ
from DHA auto- photooxidation under visible light and O, atmosphere
is proposed as follows (Scheme 1): AQ can be excited by visible light to
generate its photo-generated oxygen vacancies (h™)-electrons (e™)
pairs (excite state, AQ*), supported by the UV-vis, PL and EPR spectra
of AQ in acetone (Figs. S4 and S11 and Fig. 6b). The photoelectrons of
AQ*, as supported by the above EPR spectrum in Fig. 6a, can rapidly be
transferred to O,, thus reducing the recombination of photo-generated
charges pairs (h™-e”) and generating the active O, - radical anions.
Then, the strong oxidative h™ species, likely including O, -, can oxidize
the benzyl C-H bond of EB to yield the reduced AQ (HAQ) and the
benzyl radical (A) via HAT [36,37] or ET—PT (main pathway) [43]
mechanism. In addition, the formation of 10, is attributed to the in-
teractions between O, - and VB holes [73]. Then, the radical A com-
bines with '0,/0, or O, - to form its peroxy radical or anion (B), and
the latter is more likely to deprive one H atom of the reduced catalyst
HAQ, thus (re)generating its hydroperoxide (C) and the starting AQ
(photo-catalysis cycling pathway) [40]. Finally, the species C can be
converted to form the corresponding a-PEA and ACP, a-PEA may be
further oxidized to ACP by the above photocatalytic route. Of course, an
auto-oxidation route that benzyl radical chains are propagated by re-
action of the species B with another EB, as a minor pathway, may also
exists in the current photooxidation and is described in Scheme 1. In
this case, the regeneration of catalyst can be achieved using O, as an
oxidant.

Conclusion

In summary, a mild and efficient photooxidation protocol has been
developed to synthesize ACP from EB and its outstanding advantages,
which can fully reflect the principle of green chemistry, are summarized
as follows: 1) Using inexpensive, readily available DHA, visible light

and O,/air as a catalyst source, an illumination source and a green
oxidant, respectively; 2) Mild reaction conditions, easy to operate; 3)
Achieving a 87.7 % EB conversion and 99.5 % ACP selectivity; 4)
Having a good adaptability for the photooxidation of other compounds
such as alkylbenzene, cyclohexane, alcohols, thioethers, and olefins.
Based on an efficient photo-catalytic performance of AQ derived from
this photooxidation protocol, we are interested in further exploring the
use of AQ and it’s derives to highly-efficiently achieve the photo-
oxidation of organic compounds with O,.
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