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Selective Photooxidation Reactions using Water-Soluble
Anthraquinone Photocatalysts

Wuyuan Zhang,* Jené Gacs, Isabel W. C. E. Arends, and Frank Hollmann*®

The aerobic organocatalytic oxidation of alcohols was achieved
by using water-soluble sodium anthraquinone sulfonate. Under
visible-light activation, this catalyst mediated the aerobic
oxidation of alcohols to aldehydes and ketones. The photo-
oxyfunctionalization of alkanes was also possible under these
conditions.

The search for selective and benign oxidation protocols repre-
sents a very active research area in organic chemistry. Catalytic
methods utilizing molecular oxygen or hydrogen peroxide are
preferred owing to the availability of the terminal oxidants,™
their atom efficiency, and the unproblematic side products
formed. Today, transition-metal-catalyzed methods? prevail,
but organocatalytic approaches are developing rapidly.”’ A par-
ticularly interesting field is organo-photocatalysis, which ex-
ploits the unique reactivities of photoexcited organic dyes.?**
Benzophenones and anthraquinones are among these promis-
ing photoredox catalysts. Upon light initiation, anthraquinone
catalysts allow C—H bond or alcohol oxidation, oxidative
esterification, and cleavage of cyclic acetals.”

As early as the 1960s, water-soluble sodium anthraquinone
sulfonate (SAS) has been reported as a photocatalyst for the
oxidation of alcohols.”” However, whereas its mode of action is
today fairly understood, synthetic applications are scarce. Inter-
estingly, SAS has so far only been evaluated as a catalyst for
the oxidation of alcohols. The oxyfunctionalization of C—H
bonds has only been scarcely considered with SAS.

Inspired by recent contributions from Wolf*?' and Konig,
who reported the use of flavin photocatalysts for the light-
driven organocatalytic oxyfunctionalization of alkyl benzenes,
we decided to evaluate the usefulness of SAS as a photocata-
lyst for the oxygenation of alkyl benzenes (Scheme 1).

A first experiment with homogeneously dissolved toluene
gave clean conversion of the starting material into benzalde-
hyde (81% yield) with minor amounts of benzyl alcohol (5.6 %)
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Scheme 1. Schematic representation of the photocatalytic, SAS-mediated
oxidation of C—H bonds.

and benzoic acid (2.5%) formed (Figure S1, Supporting Infor-
mation). The apparent gap in mass balance can most likely be
attributed to the volatility of the starting material and the
product under the reaction conditions. Notably, in the absence
of either the photocatalyst (i.e., SAS) and/or light, no conver-
sion of the starting material was observed. Performing the re-
action under (near) anaerobic conditions resulted in a signifi-
cantly reduced rate of product formation (Figure S3).
Encouraged by these results we advanced to higher sub-
strate loadings by adding toluene as the organic phase to the
reaction mixture (Figure 1). The oxidation of toluene proceed-
ed almost linearly for more than 2days, and more than
170 mm of benzaldehyde was accumulated in the organic
phase. The concentration of benzyl alcohol steadily rose to ap-
proximately 7 mm within the first 8 h and then remained con-
stant at this concentration throughout the experiment, which
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Figure 1. Representative time course for the photocatalytic oxidation of tol-

uene in a biphasic system. Conditions: toluene/water [c(SAS),,=1 mm]=3:7,
ambient atmosphere, T=30°C, 1 >400 nm. m: benzaldehyde, o: benzyl alco-
hol. Values correspond to the concentration in the organic phase.

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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suggested that the second oxidation of benzyl alcohol to ben-
zaldehyde was significantly faster than the first step (toluene
to benzyl alcohol).

Indeed, repeating the same experiment but using benzyl al-
cohol as the organic phase resulted in a dramatic increase in
the rate relative to the rate of oxidation of toluene (Figure 2).
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Figure 2. Time course for the photocatalytic oxidation of benzyl alcohol in a
biphasic system. Conditions: benzyl alcohol/water [c(SAS),,=1 mm]=3:7,
ambient atmosphere, T=30°C, 4 >400 nm. Values correspond to the con-
centration in the organic phase.

Whereas in the first case an average product formation rate of
approximately 5.2 mmh™' was observed, this value was rough-
ly one order of magnitude higher in the case of benzyl alcohol
as the starting material (49.5 mmh™). In this experiment, ap-
proximately 24% conversion of the benzyl alcohol was ach-
ieved within 80 h. The only byproduct detected was benzoic
acid (60 mm in the aqueous phase corresponding to ~5% of
the total product). Qualitatively, this trend was also observed
with all other starting materials evaluated here (Tables 1 and
2). This “overoxidation activity” was pH dependent, and higher
rates were found at more alkaline pH values. We attribute this
to the formation of gem-diols, which have abstractable H
atoms and the pH-dependent hydration equilibrium of benzal-
dehyde.”” In any case, under buffered conditions (pH 7) the
overoxidation was practically negligible (Figure S5). Using ben-
zaldehyde as the starting material gave only minor conversion
under otherwise identical conditions.

Next, we set out to characterize the novel photocatalytic re-
action system further. As shown in Scheme 1, H,0, was expect-
ed as a byproduct of the aerobic oxidation reaction. Indeed,
we observed the accumulation of H,0, in the course of the re-
action (Figure S6); however, it was not formed in a stoichio-
metric amount. Most likely this can be attributed to competing
H,0,-oxidation activity of photoexcited SAS (Figure S7). To ex-
clude a possible contribution from a H,0, oxidation reaction,
some control experiments were performed. Performing the re-
action in the presence of H,0, (100 mm) in the dark gave no
conversion. Furthermore, performing the photochemical oxida-
tion reaction either in the presence of catalase (to dismutate
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any H,0, formed) or in the presence of an excess amount of
H,0, under conditions otherwise identical to those in the ex-
periments outlined above had no significant influence on the
time course of the reaction (Figure S8). Therefore, we conclud-
ed that H,0, was not involved in the actual oxidation reaction.

The reaction rate correlated with the concentration of the
photocatalyst applied (Figure 3). This correlation, however, was
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Figure 3. Time course for benzaldehyde formation at different SAS concen-
trations. The general conditions are described in Figure 1. c(SAS),;=0.25 mm
(o), 0.5mM (m), and 1 mm(A).

not linear with the photocatalyst concentration. The turnover
frequency (TOF) of SAS (as determined within the first 3 h of
reaction) decreased from 26.4 to 13.9 and 10.8 h™' by using
0.25, 0.5, and 1 mm of SAS, respectively. Possibly, this may be
attributed to decreasing transparency of the reaction medium,
which leads to reduced photoexcitation of SAS. The rate of the
reaction directly correlated with the light intensity applied (Fig-
ure S9), which supports this assumption. However, at present
we also cannot fully rule out that the diffusion of O, into the
reaction system may become overall rate limiting at high over-
all conversion rates. Previously, we observed similar effects in
the case of photoenzymatic oxidation reactions.®

We also investigated the stability of SAS under the reaction
conditions (transformation of toluene into benzaldehyde). As
shown in Figure 4, SAS could be reused in consecutive batch
reactions but continuously lost its catalytic activity (as indicat-
ed by the decreasing rate of toluene oxidation). After approxi-
mately 72 h, SAS exhibited 50% of its initial activity (overall a
turnover number, TON, of 71 was estimated for SAS). This loss
in catalytic performance was also accompanied by significant
structural modifications, as judged by 'H NMR spectroscopy
(Figure S15). Probably, aromatic hydroxylation of SAS led to
(photocatalytically) inactive species and, eventually, resulted in
structural decomposition of the catalyst.”) This is partially sup-
ported by the occurrence of hydroxyl (‘OH) radicals in the
course of the photocatalytic reactions (Figure S16). It is, howev-
er, worth mentioning here that significantly higher TON values
are possible, for example, with benzyl alcohol as the starting
material (Table 2).

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Photocatalytic oxidation of some C—H bonds.”!
)H\ SAS / hv j\
R R' ; : R R'
20, 2 H,0,
Entry Substrate Product Product [mwm] Selectivity [%]"® TON TOF [h™]
H
1 ©/ @o 86.6 89.4 37.1 15
H
2 0 58.8 80 252 1.0
H3CO
H3CO
H
3 O/ o 8.6 69.5 37 0.2
F
F
H
4 /©/ /@AO 214 76 9.2 0.4
Cl
Cl
H
5 O/ o 14.5 nd. 6.2 0.3
Br
Br
H
6 /©f © 17 n.d. 73 03
Cl Cl
Cl Cl
(e}
7 ©/\ ©)\ 343 80.7 147 06
(e}
g ©© @é 195 96 418 0.9
0 o
9 O/ d/Jr ij\ 29.3+3838 n.d. 126+16.6 0.540.7
(e}
10 \QL \¢L 243 n.d. 40.4 1.7
O
O
o
11 YO/ Yd/ 14.4 n.d. 6.2 0.3
o
X
12 ©/\/ ©)LOH 192 nd. 82 034
O
131 O g 7.5/0.6" n.d. 3.2/0.4* 0.13/0.02'
(0]
149 © g 11.9/4.49 nd. 5.1/3.19 0.21/0.1
[a] Conditions: alkane/water [c(SAS),,=1 mm]=3:7, O, atmosphere, T=30°C, 1>400 nm, reaction time: 24 h; values correspond to the concentration in
the organic phase; n.d.=not determined; TON=mol, 4, X MOlsss~'; TOF=TONX24 h™". [b] Selectivity was calculated on the basis of the sum of the alde-
hyde/ketone products and intermediates alcohols. [c] c(SAS),,=2 mm, t=48 h. [d] Minor amounts of side products were detected by GC (Figures S16 and
S17). [e] Product concentration in water phase.

To explore the scope of the photocatalytic oxidation reaction  cohols were evaluated (Tables 1 and 2). Again, the oxidation re-
further, a range of activated and nonactivated alkanes and al-  actions of the alcohols were significantly faster than those of
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Table 2. Photocatalytic oxidation of some alcohols.”
i* SAS / hy j’\
R R ; : R” R
0, H20,
Entry Substrate Product Product [mm] TON TOF [h™]
H
OH
1 o 989 424 17.7
H
OH
2 0 87.5 375 1.6
H3CO
HaCO
H
OH
3 0 330 142 5.9
F
F
OH 0
4 ©)\ ©)\ 235 101 42
OH o)
5 O/ g 179/15.74 76.8/11.0" 3.2/0.59
OH o
6 ©/ g 359/63.6' 154/44.5" 6.4/1.9"
OH o
7 Q/ q 440 188 7.8
OH o}
gl @@ @é 307 65.7 2.7
OH o}
9 ﬁ/@/ Y@/ 412 177 74
10 \QL \QL 514 220 9.2
OH o}
H
AN
n OH 275 18 0.5
MO
H o}
12 MO e 69.9 300 13
OH o)
13 gy W ~~A 443 19.0 08

[a] Conditions: alcohol/water [c(SAS),;=1 mm]=3:7, O, atmosphere, T=30°C, A>400 nm, reaction time: 24 h; values correspond to the concentration in
the organic phase; TON = mol, g, X MOlsas T TOF=TONx24 h™". [b] c(SAS),;=2 mm was used, t=48 h. [c] Product concentration in water phase.

the alkanes and yielded up to 10 times more product than the
corresponding alkanes. Also, activated C—H bonds (e.g., ben-
zylic or allylic ones) yielded higher product concentrations.

Notably, the conversions of the experiments shown in
Table 2 are generally below 20%, which can be attributed to
the low catalyst loading [substrate/catalyst (S/C) =<
4000 molmol~']. Comparative experiments at more favorable
S/C ratios (<M;<50:1 molmol™") gave full conversion within
2 days (Figure S25).

Wells and co-workers®®® suggested H-atom abstraction to
be the overall rate-limiting step followed by a series of depro-

6a,b]
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tonation and secondary electron-transfer steps. Accordingly, an
increasing substitution pattern as well as electron-donating
substituents should increase the overall reaction rate. The re-
sults shown in Tables 1 and 2, however, do not allow for such
a conclusion. Most probably, this can be assigned to the bipha-
sic character of the reaction mixtures used. As a consequence,
the aqueous concentrations of the different starting materials
may differ significantly owing to their different partitioning co-
efficients. Hence, the different in situ concentrations of the re-
agents in the aqueous (SAS-containing) phase may influence
the oxidation rate to an extent similar to that of their oxidiza-

3824  © 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. SAS recycling experiments. Conditions: toluene/water [c(SA-
S).q=1 mm]=3:7, ambient atmosphere, T=30°C, 1 >400 nm. The organic
phase was replaced every 24 h by fresh toluene and the reaction was con-
tinued.

bility and thereby lead to the somewhat confusing correlation.
In addition, the oxidation of aliphatic alcohols, as expected, is
much slower than that of aromatic and allylic alcohols (Table 2,
entries 11-13).

Oxidation Reaction

sas —v» gast

H

¥ . .
R/KOH + SAS Ron + SASH
Ron * SASt——= Ry  +sAsH

Regeneration of SAS

SASH® + O, —— SAS + HO, —=»_ 0, + H,0;
2SASH" + H,0 ——= 2SAS + 40H"

SASt + 2H)O——>SAS + 0, + 4H' +de
or

sast + 2H,0 + 0, ——= SAS + 2H,0,

Further oxidation with intermediate

+ H0

— R/§O i HOZ._'

0O, + H0,

Deactivation

phtodegradation: SASiL SASgegraded

Intersystem crossing: SASfingm;’ SAS

Scheme 2. Plausible elementary steps involved in photochemical alcohol oxi-
dation by using SAS.1#b62b)
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For anthraquinone, a H-atom-abstraction mechanism from
the starting material to the photoexcited (triplet) catalyst has
been established.”*” This radical mechanism most likely also
applies to the SAS-catalyzed reaction reported here
(Scheme 2). Nevertheless, further studies clarifying the catalytic
mechanism in more detail are currently underway in our labo-
ratory.

Overall, we demonstrated that simple and commercially
available sodium anthraquinone sulfonate could be used as a
photocatalyst for the selective oxidation/oxyfunctionalization
of a range of (non)activated C—H bonds in alkanes and alka-
nols. In particular, the selective oxidation of alcohols appears
to be a promising method for photocatalytic, metal-free oxida-
tion by using molecular oxygen as the oxidant. Preliminary ex-
periments in our laboratory also indicated that this reaction
could be extended to amines and other functionalities. Future
studies will concentrate on exploring the functional-group
preference of the present photocatalyst as well as further opti-
mization of this reaction based on more in-depth understand-
ing of the catalytic mechanism.
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