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Organo-photocatalytic C—H bond oxidation: an
operationally simple and scalable method to
prepare ketones with ambient airf

Ky Nguyen,* Van Nguyen, Hieu Tran and Phong Pham & *

Oxidative C—H functionalization with O, is a sustainable strategy to convert feedstock-like chemicals into
valuable products. Nevertheless, eco-friendly O,-utilizing chemical processes, which are scalable yet
operationally simple, are challenging to develop. Here, we report our efforts, via organo-photocatalysis,
in devising such protocols for catalytic C—H bond oxidation of alcohols and alkylbenzenes to ketones
using ambient air as the oxidant. The protocols employed tetrabutylammonium anthraquinone-2-
sulfonate as the organic photocatalyst which is readily available from a scalable ion exchange of
inexpensive salts and is easy to separate from neutral organic products. Cobalt(i) acetylacetonate was
found to be greatly instrumental to oxidation of alcohols and therefore was included as an additive in
evaluating the alcohol scope. The protocols employed a nontoxic solvent, could accommodate a variety
of functional groups, and were readily scaled to 500 mmol scale in a simple batch setting using round-
bottom flasks and ambient air. A preliminary mechanistic study of C-H bond oxidation of alcohols
supported the validity of one possible mechanistic pathway, nested in a more complex network of
potential pathways, in which the anthraquinone form - the oxidized form — of the photocatalyst
activates alcohols and the anthrahydroquinone form — the relevant reduced form of the photocatalyst —
activates O,. A detailed mechanism, which reflected such a pathway and was consistent with previously
accepted mechanisms, was proposed to account for formation of ketones from aerobic C-H bond

rsc.li/rsc-advances

Introduction

Ketone is a chemical function group frequently found in
bioactive molecules,' and ketone-containing compounds are
routinely employed as building blocks in syntheses of complex
molecules.”> Among different means of preparation,®* C-H bond
oxidation, converting alcohols and alkylbenzenes to corre-
sponding ketones, offers a direct route towards this class of
compounds. Despite successes of traditional stoichiometric
oxidants,”® molecular oxygen (O,), because of its abundance,
low cost, and environmentally benign nature, is preferred as
a waste-free oxidant for C-H bond oxidation of alkylbenzenes
and alcohols.® However, due to the inertness of O, towards
closed-shell organic molecules and limited solubility of O, in
organic solvents under ambient pressure,” a unified approach,
capable of delivering scalable aerobic C-H bond oxidation in an
operationally simple fashion such as batch setting with ambient
air, is highly valuable but challenging to develop. Many thermal
methods for C-H bond oxidation of alcohols and alkylbenzenes
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oxidation of both alcohols and alkylbenzenes.

require pure O, atmosphere or high pressure of inert-gas-
diluted O,,® elevated temperature,’ toxic/corrosive solvents,"
expensive transition metal catalysts,"* and prolonged reaction
time' which are undesirable from cost and safety consider-
ations especially when large-scale applications are concerned
(Fig. 1A).

Over the last two decades, various photocatalytic modes of
activation have emerged to activate otherwise unreactive mole-
cules through intermediacy of C-centered organic radicals.”® By
rendering organic molecules open-shell, energetic barriers was
significantly lowered for O, incorporation step into organic
substrates. Many photocatalytic procedures, capable of acti-
vating C-H bonds in unactivated aliphatic alcohols and less
electron-rich alkylbenzene derivatives, relied on indirect
hydrogen atom transfer catalysis (HAT)" due to inertness of the
aforementioned substrates toward photo-induced electron
transfer. In this activation mode, “secondary” reactive species,
which activate C-H bonds of organic substrates such as singlet
0O, or heteroatom-centered radicals, formed from O, and radical
precursors upon quenching a photocatalyst in its excited state.*
These redox cascades, despite being elegant and capable of
effectively harnessing alcohols and alkylbenzenes into many
chemical transformations, might be kinetically compromised
from a low concentration of “secondary” reactive species,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Challenges in developing scalable yet operationally simple protocols for catalytic C—H bond oxidation with ambient air.

rendering substrate activation step inefficient. This, along with
inherent challenges associated with an aerobic photochemical
process such as light penetration'” and low dissolved oxygen
concentration,” might hamper the scalability of developed
aerobic photocatalytic procedures (Fig. 1B). Indeed, scalable yet
operationally simple procedures for aerobic C-H bond photo-
oxidation of alcohols and alkylbenzenes are rarely reported.
We anticipated that an efficient catalytic approach for C-H
bond photo-oxidation would require a facile direct hydrogen
atom transfer (HAT) between the excited state of the photo-
catalyst and organic substrates. Accordingly, we expected that
a strong thermodynamic driving force for HAT step would be
necessary for efficient catalysis. In addition, an effective oxida-
tive recycling of the photocatalyst by O, is crucial to the overall
success of the catalytic protocol. Anthraquinone (AQ) deriva-
tives have been employed as mediators for industrial hydrogen
peroxide production, which takes advantages of a spontaneous
aerobic oxidation of anthrahydroquinone (H,AQ) - one reduced
form of anthraquinone (Fig. 1C)."* Therefore, we envisioned
that thanks to the facile redox reaction of H,AQ with O,, AQ
derivatives, which are commercially and synthetically available
with diverse substituents and substitution patterns,' represent
a rich pool of potential catalysts for oxidative transformations
with O,. Furthermore, the triplet state of photoexcited AQ*
possesses high triplet energy of 62.9 kcal mol™" and therefore
should have enough thermodynamic driving force for

© 2023 The Author(s). Published by the Royal Society of Chemistry

a hydrogen atom transfer with alcohols and alkylbenzenes.>***
Therefore, in this study, we sought to develop scalable yet
operationally simple protocols for aerobic C-H bond oxidation
of alcohols and alkylbenzenes based on photocatalytic reactivity
of anthraquinone derivatives (with an oversimplified design
plan outlined tentatively in Fig. 1D).

Results and discussion

We initiated our study by subjecting different anthraquinone
derivatives to catalytic oxidation of 4-tert-butylcyclohexanol
(commercially available as mixture of cis and trans diastereo-
mers) at 2 mmol scale using ambient air as the oxidant and
acetone as the solvent (Table 1). To our delight, while catalytic
oxidations mediated by AQ derivatives with strong electron-
donating substituents provided diminished yields of ketones
(Table 1, entries 1-3, 0-11% yield), those employed AQ deriva-
tives with weak electron-donating or electron-withdrawing
substituents afforded higher than 30% yield of ketone and
with almost 100% selectivity (Table 1, entries 4-8, 34-54%
yield). This was promising, given only 5 mol% of catalysts were
used and samples were merely irradiated for 50 min. This result
prompted us to try another cheap commercially available
anthraquinone derivative, sodium anthraquinone-2-sulfonate
monohydrate (2-AQ-SO3;Na-H,0) which possesses a strong
electron-withdrawing  group, for catalytic  oxidation.

RSC Adv, 2023, 13, 7168-7178 | 7169


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra00332a

Open Access Article. Published on 06 March 2023. Downloaded on 12/9/2025 2:46:14 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Table 1 Evaluation of anthraquinone derivatives in alcohol oxidation

OH (0]
5 mol% @
Me _ Me
25W 400-410 nm LEDs
M Me Me

& .
Me acetone, 50 mins?

Entry AQ derivatives Conversion” Yield”
1 2-NH,-AQ 2% 0%
2 2-OH-AQ 2% 2%
3 2-OMe-AQ 12% 11%
4 2-t-Bu-AQ 42% 38%
5 2-Me-AQ 59% 54%
6 AQ 35% 34%
7 2-CI-AQ 35% 34%
8 2-AQ-COOH 38% 37%
9 2-AQ-SO;Na-H,0° 18% 15%
10 2-AQ-SO;Na-H,0* 59% 57%
11 1a 54% 53%
12 1a° 100% 94%
13 2-AQ-SO;Na-H,0" 100% 90%

%2 mmol scale in 10 mL acetone, ambient air, with one 25 W 400-
410 nm Lamp. ?'H NMR yield with 1,3,5-trimethoxybenzene as
internal standard. © Prestir 30 min. ¢ With 5 mol% NBu,Cl, prestir
30 min. ¢ With 1 mol% Co(acac),.’ With 5 mol% NBu,Cl and 1 mol%
Co(acac),, prestir 30 min.

Nevertheless, due to low solubility of this salt in acetone, only
15% yield of ketone was achieved (Table 1, entry 9). By adding
5 mol% tetrabutylammonium chloride, NBu,Cl, as a phase
transfer catalyst, the catalytic oxidation afforded 57% of ketone
(Table 1, entry 10) which is in accordance with catalytic trend of
other AQ derivatives (Table 1, entries 4-8). Independent ion
exchange between 2-AQ-SO;Na-H,0 and NBu,Cl (see ESI{)
provided a previously undocumented compound, tetrabuty-
lammonium anthraquinone-2-sulfonate (1a) (Fig. 1D), which
was as effective at catalysing alcohol oxidation (Table 1, entry
11, 53% yield) as an equimolar mixture of 2-AQ-SO;Na-H,0 and
NBu,Cl (Table 1, entry 10, 57% yield). Among these three best
catalytic systems 2-Me-AQ, an equimolar mixture of 2-AQ-SO;-
Na-H,0 and NBu,Cl, and 1a (Table 1, entries 5, 10 and 11), we
considered 1a to be most convenient for preparative synthesis
for two reasons. First, 1a is easy to make in large scale, bench-
stable, highly soluble, and non-hygroscopic so it should be
easier to handle than an equimolar mixture of insoluble 2-AQ-
SO;Na-H,O0 and a highly hygroscopic NBu,Cl salt in both small
scale synthesis and upscale synthesis using flow reactors.
Second, 1a is ionic and should be easy to separate from the
neutral organic substrates and products by simple filtration
through a silica gel plug, while neutral anthraquinone deriva-
tives are notorious for low solubility in conventional organic
solvents and might present a purification challenge when used
in higher loadings.

For the aforementioned reasons, 1la was employed for
further optimization. We were pleased to find that an inclusion
of merely 1 mol% of Co(acac), in catalytic oxidation with 1a gave
full conversion of 4-tert-butylcyclohexanol and 94% of ketone
(Table 1, entry 12). A similar effect of Co(acac), was also
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observed when an equimolar mixture of 2-AQ-SO3;Na-H,0 and
NBu,Cl was employed to afford a comparable ketone yield of
90% (Table 1, entry 13).

With the optimized condition in hands, we sought to explore
the substrate scope of the developed C-H bond oxidation
protocol for alcohol using 5 mol% of 1a and 1 mol% of
Co(acac),. Secondary unactivated aliphatic alcohols showed
excellent reactivity under the optimized condition to afford
ketones in good to excellent yields (Table 2). Catalytic oxida-
tions were fast with virtually full conversion in 1-2 mmol scales
within less than 2 h in all cases, even in challenging cases of
sterically hindered alcohols (Table 2, entries 6-8, 13, 70-92%
yield) which previously required pure O, atmosphere and either
prolonged irradiation or elevated temperature.®'****> A range of
functional groups were well tolerated, including large-ring
cyclic secondary alcohol (Table 2, entry 5, 80% yield), tertiary
C-H bonds (Table 2, entries 2, 4, 6-8, 12 and 13, 76-92% yield),
TBS-protected ether (Table 2, entry 9, 53% yield), ester (Table 2,
entries 10 and 11, 78-95% yield), electronically deactivated
benzylic C-H bond (Table 2, entry 11, 78% yield), ketone (Table
2, entry 12, 89% yield), and enone (Table 2, entry 13, 80% yield).
After assessing the scope of aliphatic alcohols, a variety of
secondary benzylic alcohols were subjected to the developed
alcohol oxidation protocol. Secondary benzylic alcohols,
bearing both electron-donating and electron-withdrawing
substituents, was readily oxidized in excellent yields (>90%) in
1-2 mmol scale (Table 2, entries 14-20 and 22-23, 92-99%
yield) with time to completion of less than 1 h. Nitro-group-
bearing benzylic alcohol (Table 2, entry 21), which is electron-
ically deactivated by a strong electron-withdrawing group and
has a relatively colored ketone product, while proved to be
challenging to other aerobic photo-oxidation,'** was amenable
to our developed procedure to yield 96% of ketone. Secondary
benzylic alcohol substrates with aromatic ether (Table 2, entry
23, 99% yield) and tertiary C-H bond (Table 2, entry 24, 94%
yield) were well tolerated and afforded excellent yields of
ketones. Benzylic alcohol substrates containing benzylic C-H
bonds were more challenging with a diminished 72% yield of
ketone (Table 2, entry 25), and the analogous oxidation of 1-(4-
ethylphenyl)ethan-1-ol (Table 2, entry 26) provided 82% of 1,4-
diacetylbenzene, where alcohol oxidation was concurrent with
oxygenation of benzylic C-H bonds. As a representative example
of primary benzylic alcohol (Table 2, entry 27), catalytic oxida-
tion of benzyl alcohol resulted in a good 70% yield of benzoic
acid in 2 mmol scale.

From the results of catalytic oxidation of 1-(4-ethylphenyl)
ethan-1-ol (Table 2, entry 26), we noticed the reactivity of
benzylic C-H bonds toward oxidation under the standard
condition. Further control experiments suggested that while
Co(acac), was still instrumental to photochemical aerobic
benzylic oxidation, its effect in benzylic oxidation is less
dramatic than that in alcohol oxidation (Table 3, entry 28).
Therefore, we decided to explore the scope of alkylbenzene
oxidation using a sole organocatalytic approach with 1a as the
catalyst and no additives (Table 3). To our delight, ethylbenzene
derivatives bearing a variety of functional groups were
amenable to catalytic aerobic oxidation with 1a (Table 3, entries

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Photocatalytic aerobic C—H bond oxidation of aliphatic and benzylic alcohols

5 mol% 1a
OH (o]

)\ 1 mol% Co(acac), A SOy
R™ R 25W 400-410 nm LEDs R R O‘ NBu,"
alcohols acetone, ambient air? ketones

aliphatic alcohols
(0]

Me Me

2, 91% (50 mins)

(0] Me
O
Me'

6, 70% (2 hrs)

3,88% (1 hr)P

Me Me
Me
(]

7, 91% (40 mins)?
8, 92% (40 mins)®

11, 78% (2 hrs)°

12, 89% (45 mins)

4, 76% (45 mins)

(o]
(o]
O"Bu
OTBS Me
Me
[0}

9, 53% (3 hrs)°

5,80% (1 hr)°

10, 95% (1.5 hrs)°

13, 80% (105 mins)®9

benzylic alcohols

oo

14, 99% (1hr) 15, 96% (45 mins)

o] o] o]
/@)LME /@)L Me /©/LLME
5 NC O,N

19, 92% (45 mins)

o Me (0]
Ph
©)Q\Me (j)l\/

24, 93% (1.5 hrs)

20, 98% (45 mins)

25, 72% (1.5 hrs)

“2 mmol scale in 10 mL acetone with one 25 W 400-410 nm LEDs lamp. ”
4 From rac-borneol. ¢ from rac- 1sob0rne01
From 1-(4-ethylphenyl)ethan-1-ol. All yield values are yields of the isolated compounds.

volatility. ¢ 1 mmol scale in 10 mL acetone.
Co(acac),. " With two 25 W 400-410 nm LEDs Lamps. ’

28-34, 57-100% yield). Noticeably, ethylbenzene derivatives
with electron-withdrawing groups, which were normally recal-
citrant to or absent in scope of other aerobic benzylic photo-
oxidation protocols,* could be converted to ketones in average
to good yields (Table 3, entries 30-34, 57-89% yield). Benzylic
substrates with acetyl-protected benzylic alcohols (Table 3,
entries 35 and 37, 83-87% yield) underwent aerobic oxidation
smoothly to afford good yields of ketones, while oxidation of

© 2023 The Author(s). Published by the Royal Society of Chemistry

o
F

16, 94% (40 mins)

21, 96% (8 hrs)eh

o

17, 92% (1hr)®

©65

22, 99% (40 mins)

18, 98% (50 mins)

23, 99% (45 mins)

o]

o
Me
Me OH
o

26, 82% (12 hrs)®/ 27, 70% (9hrs)

In MeCN, 1s01ated as 2,4- dlnltrophenylhydrazone due to product
2 mmol scale in 15 mL acetone. € With 3 mol%

a substrate with acetyl-protected alcohol (Table 3, entry 36, 56%
yield), which is positioned in close proximity of benzylic C-H
bonds, was less effective. Using 2-methoxyanthraquinone (1b)
as catalyst, oxygenation can be affected in substrates with
benzylic C-H bonds that is at alpha position to aliphatic ether
(Table 3, entries 38-39, 69-83% yield). Highly activated benzylic
C-H substrates with extended conjugate systems in the ketone
products were also amenable to catalytic oxidation with 1a
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Table 3 Photocatalytic aerobic benzylic C—H bond oxidation
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o]
H)<H 5-20 mol% 1a )CL sos
Ar” R 25W 400-410 nm LEDs? Ar” "R O‘O NBu,*
benzylic C-H acetone, ambient air benzylic ketones
o 1a
benzylic C-H
o)
Me

Q.

o
Ph

28, 80% (4 hrs)Pe
89% (4hrs)pem.n

(0]
o
Me
Me
NC
o

32, 89% (10 hrs)%f

o}

36, 56% (4 hrs)of

40, 84% (6 hrs)b9

MeO

29, 100% (4 hrs)?f

33, 57% (12 hrs)>f

H.

37, 87% (4 hrs)>f

o

{:%o

41, 88% (5 hrs)>f

o
o
MeO,C

31, 76% (12 hrs)®f

o
o
Cl

30, 72% (5.5 hrs)Pf

(0]
(0]
Me
Me
/@/LL . Y@/\L
O,N
2 Ohc

34, 68% (24 hrs)dfo

oS

38, 83% (2 hrs)h

35, 83% (4 hrs)Sf

e

39, 69% (1.5 hrs)#h

o]
@Aw
MeO

44, 83% (9 hrs)&!

(e}

0
42, 49% (1 hr)oHi
43, 64% (4.5 hrs)bfk

“ With one 25 W 400-410 nm LEDs lamp. ” With 5 mol% 1a. © With 10 mol% 1a. ¢ With 20 mol% 1a. ¢ 2 mmol scale in 10 mL acetone.” 1 mmol scale
in 10 mL acetone. ¢ 2 mmol scale in 20 mL acetone. ” With 5 mol% 2-OMe-AQ in place of 1a. ' From anthrone. ¥ From 9,10-dihydroanthracence.
! From 4-methylanisole. ™ With 1 mol% Co(acac),. " HPLC yield with 1,4-dimethoxybenzene as internal standard. ° With two 25 W 400-410 nm
LEDs lamps. All yield values are yields of the isolated compounds, unless noticed.

(Table 3, entries 40-43, 49-88% yield). As a representative
example of primary alkylbenzenes (Table 3, entry 44), catalytic
oxidation of 4-methylanisole resulted in 83% yield of 4-
methoxybenzoic acid in 2 mmol scale.

Mechanistic investigation

After evaluating the substrate scope, we sought to study the
mechanism by which 1a catalyzes aerobic C-H bond oxidation
of organic substrates. With alcohols as chosen substrates, we
conducted a set of control experiments to evaluate the role of
reaction variables (Table 4). A significant difference in yields
between experiments under air (Table 4, entries 1 and 4, 53—
94% yield) and experiments under Ar (Table 4, entries 6, 8 and
9, 5-7% yield) hinted at a critical role of O, as the terminal
oxidant. A control experiment without 1a (Table 4, entry 3, 0%
yield) confirmed the necessity of 1a in the optimized procedure,
and no-light experiments (Table 4, entries 2, 5, 7 and 10, 0%
yield) confirmed an exclusive photochemical, not thermal,

7172 | RSC Adv, 2023, 13, 7168-7178

oxidation of alcohols under conditions of the developed
protocol. Non-zero yields in control experiments under Ar
(Table 4, entries 8 and 9, 5-7% yield) suggested that 1a in the
presence of a light source can oxidize alcohols even in the
absence of O,. Therefore, we investigated closely the direct
photochemical reaction of 1a and alcohols.

A stoichiometric photo-assisted reaction between 1la and
cyclooctanol under inert atmosphere afforded tetrabuty-
lammonium anthrahydroquinone-2-sulfonate (1c) as a yellow
precipitate (Fig. 2), of which the structural assignment was
consistent with "H and "*C NMR data of the isolated solid (see
ESIT). This corresponds to a formal reduction of AQ core by one
alcohol molecule. It is worth mentioning that the Hollman
group proposed a putative mechanism for aerobic oxidation
with sodium anthraquinone-2-sulfonate in which the catalyst
cycles between AQ form and 9,10-dihydroxy-9,10-
dihydroanthracence form which corresponds to a formal
reduction of AQ core by two alcohol molecules.? We therefore
studied the photochemical reaction between 1a and alcohols

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Control experiments for photocatalytic alcohol oxidation

OH 5mol% 1a o
1 mol% Co(acac),
Me . Me
25W 400-410 nm LEDs
M )

€ Me acetone, 50 mins? LRV

Entry Deviations Conversion”  Yield”
1 None 100% 94%
2 No light 0% 0%
3 No 1a 0% 0%
4 No Co(acac), 54% 53%
5 No light, no Co(acac), 0% 0%
6 Under Ar 5% 5%
7 Under Ar, no light 1% 0%
8 Under Ar, no Co(acac),, 5 mol% 1a 5% 5%
9 Under Ar, no Co(acac),, 10 mol% 1a 8% 7%
10 Under Ar, no Co(acac),, no light, 10% 1a 0% 0%

%2 mmol scale in 10 mL acetone, ambient air, with one 25 W 400-
410 nm LEDs lamp. * '"H NMR yield with 1,3,5-trimethoxybenzene as
internal standard.

1.5 equw acetone

SO3
NBu4

SO5

1a, 1 equiv 1c

Fig.2 Photochemical stoichiometric reaction of 1a and cyclooctanol.
? 0.4 mmol 1a and 0.6 mmol cyclooctanol in 6 mL acetone, under
argon atmosphere, irradiated by one 25 W 400-410 nm LEDs lamp for
16 h.

under a more catalytically relevant condition in order to address
the following mechanistic questions:

(1) Are 1a and alcohols cleanly converted to 1c and ketones,
respectively, under a catalytically relevant condition?

(2) If 1c is formed, can 1c be cleanly oxidized to 1a by
ambient air?

We anticipated that a qualitative test that could detect
characteristic features of 1c and a quantitative test that corre-
lated the amount of 1c and ketone formed over a range of
reaction conversion would unambiguously address question 1.
Specifically, a high fidelity of 1a-to-1c and alcohol-to-ketone
conversion under catalytically relevant condition would
predict a 1:1 ratio of 1c and ketone formed over the course of
the photo-oxidation under inert atmosphere.

Indeed, upon irradiating a 0.2 M acetone-d® solution of
cyclooctanol and 10 mol% 1a (Fig. 3A) under Ar and taking 'H
NMR of the resultant mixture at indicated time points (Fig. 3B-
D), a set of new signals in the aromatic region appeared that
were consistent with the structural assignment of 1c.** Also,
relative intensity between peaks in this set of signals were

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 NMR study of a photochemical reaction between 1la and
cyclooctanol. Condition: 0.016 mmol 1a (10 mol%) and 0.16 mmol
cyclooctanol in 0.8 mL acetone-d6 (mixture A) in a NMR tube under
argon atmosphere, irradiated by one 25 W 400-410 nm LEDs lamp
(see ESIT). *1c; **cyclooctanol (CH(OH)); ***cyclooctanone (CH,—
CO).

essentially constant over the course of reaction (Fig. 3B-D)
which confirmed that this set of signals indeed belonged to
a single molecule and did not appear by chance. This set of
signals co-evolved with a characteristic signal of cyclooctanone
at 6 = 2.34 ppm across reaction conversion and a 2:1 ratio of
intensity between signals at 0 = 2.34 ppm of cyclooctanone and
0 = 7.40 ppm of 1c were maintained over the same set of
experiments (Fig. 3B-D). This corresponded to 1:1 ratio of 1c
and cyclooctanone formed across different reaction conver-
sions. This observation supported a clean conversion of 1a to 1c
that is concomitant with alcohol oxidation to ketones upon
irradiation. Therefore, at least under argon atmosphere, pho-
toirradiation of a mixture of 1a and alcohols resulted in a clean
putative transfer of 2 hydrogen atoms from alcohols to AQ core
to form ketone products and H,AQ core. A quick comparison of
NMR data of the final reaction mixture upon exposure to air
(Fig. 3E) and that of the initial mixture (Fig. 3A) confirmed
a clean oxidation of 1c to 1a by ambient air.>® Overall, these
observations supported one possible mechanistic pathway for
alcohol oxidation in which 1a functions as an alcohol-activating
photocatalyst and 1c, the reduced form of 1a, acts as a mediator
for O, activation (Fig. 4A and B). Based on these, we proposed
a detailed mechanistic pathway that reflect both potential
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Fig. 4 Proposed mechanism of aerobic C—H bond oxidation of alcohols and alkylbenzenes.

validity of the aforementioned mechanistic pathways and
explanatory function of previously proposed mechanisms for
aerobic C-H bond oxidation of both alcohols and alkylbenzenes
with anthraquinone derivatives (Fig. 4).°

Initially, 1a absorbs light and is excited, with intersystem
crossing, to a triplet excited state 1a*. The triplet excited state
1a* might participate in a thermodynamically favorable
hydrogen atom transfer with organic substrates (alcohols and
alkylbenzenes) to yield the semi-anthrahydroquinone (1a-H")
and a C-centered organic radical (Fig. 4A).>>*” Based on our
study of photochemical reaction of 1a and alcohol under inert
atmosphere (Fig. 3) which establish a clean 1: 1 ratio of 1c and
ketone formed upon irradiation, we proposed elementary steps
in Fig. 4B to be operative in high fidelity, at least in the absence
of O, for oxidation of alcohols. The disproportionations of 1a-H"
(Fig. 4B1) and ketyl radical (Fig. 4B2) yield 1c and ketone,
respectively, and alternatively a second hydrogen atom transfer
between 1a-H' and ketyl radical (Fig. 4B3) can give rise to 1c and
ketone. In the presence of O,, we hypothesize a more complex
set of elementary steps to be in operation (Fig. 4C),*® in addition
to potentially operative elementary steps outlined in Fig. 4B.
The C-centered organic radical, formed from HAT between 1a*
and organic substrate (Fig. 4A), could trap O, to yield organic
peroxy radical (Fig. 4C1), which subsequently oxidizes the semi-
anthrahydroquinone (1a-H") through hydrogen atom transfer to
yield organic peroxide and give back 1a (Fig. 4C2). The
decomposition of the resulting organic peroxide to ketone

7174 | RSC Adv, 2023, 13, 7168-7178

product might depend on the identity of the substituent X
(Fig. 4C3 and C4), with expulsion of hydrogen peroxide if X is
hydroxy group®“ and with simple dehydration if X is hydrogen
as in the case of benzylic C-H oxidation.** Lastly, 1c, if formed
when elementary steps in Fig. 4B are kinetically competitive,
could be oxidized by O, back to 1a and hydrogen peroxide
(Fig. 4C5).

Regarding the role of Co(acac),, based on reported works on
interaction of Co(acac), with peroxides,* it is proposed that
Co(acac), assisted the decomposition of organic peroxides and/
or hydrogen peroxide, which should be generated in higher
amount in alcohol oxidation than in benzylic C-H oxidation, to
produce more oxidizing equivalents that help recycle the cata-
lyst in its oxidized form and accelerate the overall process
(Fig. 4D). This might explain why the benefit of Co(acac),
inclusion was much more pronounced in the case of alcohol
oxidation where 1¢ might be formed through elementary steps
of Fig. 4B and an assistance of Co(acac),, which utilizes in situ
formed peroxides to recycle 1a, might provide rate enhance-
ment of the overall process.

Upscale oxidation

In order to evaluate the plausibility of the developed protocols
for large-scale applications, we performed three experiments of
gram-scale oxidations, all of which were conducted in simple
batch setting using round-bottom flasks and ambient air as the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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oxidant (Fig. 5). Additionally, although the production of 1a is
scalable and 1a is non-hygroscopic and easy to handle, we chose
to further simplify the reaction setup, at least in batch setting,
by employing a 1:1 combination of sodium anthraquinone-2-
sulfonate monohydrate and tetrabutylammonium chloride in
place of 1a. A 100 mmol-scale oxidation of 4-tert-butylcyclo-
hexanol (commercially available as a mixture of cis and trans
diastereomers) afforded 95% yield of 4-tert-butylcyclohexanone
in less than 4 h (Fig. 5) which presented no drop in yield
compared to a small scale synthesis (Table 2, entry 2, 91%
yield). As an example of secondary benzylic alcohol, 1-phenyl-
ethanol could be effectively oxidized to acetophenone (Figure 5,
98% yield), at 500 mmol scale with time to completion of 11 h. It
is worth mentioning that for this upscale experiment, we
employed a lower catalyst/additive loading (2 mol% 2-AQ-SO;-
Na-H,0, 2 mol% NBu,Cl, and 0.4 mol% Co(acac),) and the
reaction was conducted at a more concentrated mixture
(500 mmol alcohol in 1 L acetone), compared to our standard
condition for benzylic alcohol oxidation (Table 2, entries 14-27).
Finally, xanthene could be converted to xanthone at 10 mmol
scale with excellent 91% yield (Fig. 5) within 2 h, which is
comparable to reaction at 1 mmol scale (Table 3, entry 41, 88%
yield). Since our developed procedures could accommodate
upscale oxidation for three representative examples of aliphatic/
benzylic alcohols and benzylic C-H bonds in simple batch
setting with ambient air, we expect few hurdles exists in
adopting the protocols in large-scale production, especially
when a more sophisticated reaction setup such as flow chem-
istry is employed.

5 mol% 2-AQ-SO3Na-H,0
5 mol% NBu,CI
1 mol% Co(acac),

25W 400-410 nm LEDs?
acetone (0.2 M), 44 °C, 195 mins®

-

€ Me

ol

95 %
95.5 mmol (14.735 g)

o

98 %
490.1 mmol (58.889 g)

91 %
9.09 mmol (1.783 g)

100 mmol (15.627 g)

OH

500 mmol (61.080 g)

10 mmol (1.822 g)

2 mol% 2-AQ-SO;Na-H,0
2 mol% NBu,CI
0.4 mol% Co(acac),

25W 400-410 nm LEDs?
acetone (0.5 M), 40 °C, 11 hrs?

5 mol% 2-AQ-SO3Na-H,0
5 mol% NBu,ClI

25\W 400-410 nm LEDs?
acetone (0.1 M), 34 °C, 2 hrs®

Fig. 5 Representative upscale C—-H bond oxidation of aliphatic
alcohol, benzylic alcohol, and benzylic C-H. ¢ With four 25 W 400-
410 nm LEDs lamps; © with two 25 W 400-410 nm LEDs lamps; ©

a 1 L round-bottom flask, open to air; 9in a 2 L round-bottom flask,
open to air; € in a 500 mL round-bottom flask, open to air; all yields
values are yields of the isolated compounds.
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Conclusion

We described herein organo-photocatalytic protocols for
aerobic C-H bond oxidation of alcohols and alkylbenzenes to
corresponding ketones with ambient air as the source of
oxidant. The protocols employed an easy-to-separate organic
photocatalyst and were readily scalable even in simple batch
setting with round-bottom flasks and ambient air. A prelimi-
nary investigation was conducted to study the role of the
organic photocatalyst — tetrabutylammonium anthraquinone-2-
sulfonate - in aerobic C-H bond oxidation. From this study, we
found experimental evidences that support plausibility of one
mechanistic pathway for alcohol oxidation in which the
aromatic core of the catalyst cycles back and forth between
anthraquinone form and anthrahydroquinone form, in addi-
tion to previously proposed mechanisms. The anthraquinone
form acts as the substrate-activating photocatalyst and the
anthrahydroquinone form activates O,. Combined together
with previously reported mechanisms, a detailed mechanism
was proposed to rationalize the formation of ketones from
activation of both alcohol and benzylic C-H bond. We antici-
pate that the devised protocols will provide compelling alter-
natives to traditional methods for C-H bond oxidation of
alcohols and alkylbenzenes. Furthermore, we expect anthra-
quinone derivatives will serve as a fruitful catalyst platform for
other C-H functionalization procedures.
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