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The visible-light-induced selective oxidation of ubiquitous C-H bonds into valuable C=0 bonds
under aerobic conditions is one of the most attractive approaches for the construction of
carbonyl-containing molecules. In this work, two transition metal-containing Nb/W mixed-addendum
POMs dimers with the formula of K;NayHs[(Fe(H;0)4)3(P;W1sNb3Og;),]:24H,0 (POM[Fe]) and
KyNasHy[(Cr(H;0)4)3(P,W15Nb3Og; )2 ]:32H,0 (POMICr]) have been synthesized and characterized by var-
ious analytical and spectral techniques. POM[Fe] was proved to be an efficient photocatalyst for benzylic
C-H oxidation under visible light and using oxygen as an oxidant to produce the corresponding carbonyl
complex in good yields. A plausible mechanism involving superoxide radical was proposed for the cat-
alytic reaction. POM[Fe] showed good reusability in the recycling experiments. IR spectroscopy and XRD
analysis indicate that POM[Fe] can retain its integrity after catalysis.

C-H bonds oxidation

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The selective oxidation of benzyl C-H is of significance in mod-
ern organic synthesis and pharmaceutical industries [1,2]. Conven-
tionally, benzylic oxidation reactions require not only harsh reac-
tion conditions, but also environmentally unfriendly high-valent
oxidants (such as CrO3, MnO, or hypervalent iodine) [3-5]. There-
fore, the establishment of a green oxidative system for the ben-
zylic oxidation with oxygen as the mild oxidant is highly attrac-
tive. In the past decades, many efforts have been directed toward
the development of more efficient catalysts and catalytic systems.
For example, a range of transition metal complexes have been em-
ployed as catalysts in benzylic oxidation reactions, including the
complexes of copper [6], manganese [7], cobalt [8,9], rhodium [10],
iron [11,12] and palladium [13]. However, most of the previously
reported systems are homogeneous catalysis, in which the catalysts
cannot be recovered and reused thus preventing their further ap-
plication. It is of great significance to develop a recyclable hetero-
geneous catalyst for the oxidation of benzyl C-H bonds by molec-
ular oxygen under mild and green conditions.

* Corresponding authors.
E-mail addresses: lisj@htu.edu.cn (S. Li), bingyu@zzu.edu.cn (B. Yu),
xnchen@htu.edu.cn (X. Chen).
1 These authors contributed equally to this work.
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The photocatalytic oxidation of benzyl C-H using visible light
is a benign alternative to the classical oxidation method from
the perspective of green chemistry and sustainable development
[14,15]. Among various photocatalysts, polyoxometalates (POMs)
have been proved to be one of the most promising candidates
[16-18]. POMs are a large family of metal-oxygen clusters
formed by early transition metal with d® electronic configuration
(M = Mo®*, W6+ Nb>*, Ta’") [19-24]. Owing to their advan-
tages of diverse and definite structures, adjustable elemental com-
position and band gap, reversible multielectron processes during
catalysis, and high stability toward redox conditions, POMs are at-
tracting more and more attention in the field of photocatalysis
[25-28]. They have shown potential applications in photocatalytic
degradation of organic pollutants and dyes [29-31], H, evolution
[32-36] and CO, reduction [37-40].

POMs can effectively activate molecular oxygen under light,
thereby they can catalyze a variety of organic reactions, such as
oxidation of benzene to phenol [41], selective oxidation of alcohols
[42], oxidative bromination of arenes and alkenes [43] and cou-
pling reaction of benzylamine [44]. However, in most of these re-
ports, the POMs photocatalysts require UV light. Considering the
effective use of solar energy, the development of visible-light-
responsive photocatalysts, especially the exploration of their appli-
cation in some new reactions, are highly demanded.

1001-8417/© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Herein, we obtained two POMs dimers
KyNapHs[(Fe(H20)4)3(P,W15Nb3063),]124H,0 - (POM[Fe])  and
KyNagHg[(Cr(H20)4)3(P2W15Nb30g2)2]32H,0  (POM[Cr]) by the

reactions of Nb/W mixed-addenda POM and transition metal (TM)
ions (Fe3* and Cr3t) under conventional aqueous solution. The
two polyanions both display dimer structures, which are composed
of two {P,W;5Nbs} linked by three octahedrally coordinated metal
ions. POM[Fe] was proved to be a highly efficient heterogeneous
photocatalyst for the visible-light-induced oxidation of benzyl
C-H using oxygen as the oxidant. Moreover, the POM[Fe] catalyst
displayed excellent cyclability in the catalytic process.

POM[Fe] and POM[Cr] were synthesized in conventional
aqueous solution using a Nb/W mixed-addendum precursor
(KgH[P,W15(NbO,)3059]-12H,0) and corresponding transition
metal salts (FeCl3-6H,0 and Cr(NOs)3-9H,0). The pH values and
the use of 2-aminopyrimidine-5-boronic acid pinacol ester play
essential roles in the synthesis of the two compounds. The syn-
theses of the two compounds are performed at different pH values
which should be controlled carefully, and upon deviating from
the pH ranges, no target product can be afforded. In addition,
2-aminopyrimidine-5-boronic acid pinacol ester served as an
essential addition agent, although it does not appear in the final
structures of POM[Fe] and POM|[Cr]. Only some unidentifiable
brownish-yellow precipitates can be obtained without the addition
of 2-aminopyrimidine-5-boronic acid pinacol ester at last.

Single-crystal X-ray diffraction structural analysis (Table S1 in
Supporting information) reveals that both the two compounds
crystallize in space group P-1. They exhibit similar structures with
only differences in the TM ions. Similar to other transition-metal
or rare-earth modified Nb/W mixed-addendum POMs [45-47], the
clusters {P;W;5Nb30g¢;} coordinate with Fe and Cr using the Lewis
base terminal O atoms bonded with Nb (O¢(Nb)). Taking POM[Fe]
as an example, it consists of two {P,W;5Nb30g¢,} linked by three
{FeO4} to form a sandwich dimer structure (Fig. 1a and Fig. S1
in Supporting information). The three Fe3t ions connect to six
O¢(Nb) from two {P;W;5Nb30g,} through three (Nb)O;-Fe-O¢(Nb)
bridges. The Fe-O bond lengths are between 1.920 and 1.943 A.
Each Fe ion adopts six-coordinated octahedral geometry with two
O¢(Nb) from POMs and four terminal O atoms (Fig. S1). Bond va-
lence sums (BVS) analyses reveal that the bond valences for all

Fig. 1. (a) The polyhedral representation of [Fe;(P,W;5Nbs),]| of POM [Fe]. (b) The
polyhedral/ball-and-stick representation of {(P,W15Nb30g;)4(Fe3013),}. () Z-shaped
one-dimensional (1-D) chain structure of POM[Fe] (top view).
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Fig. 2. The 2-D network in POM][Fe] constructed by the building block
{(P2W15Nb30s;)4(Fe3012),} and Nal.
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Fig. 3. (a, b) UV-vis spectra and (c, d) XPS spectra for POM[Fe] and POM[Cr].

the four terminal O atoms coordinated with Fe3+ are in the range
of 0.429 and 0.506 (Table S2 in Supporting information), indi-
cating that all of them exist in the form of coordination water.
Two dimeric structures are connected by K1 and Na2 to form a
tetrameric {(P,W15Nb30g;)4(Fe3013),} cluster (Fig. 1b), which are
further linked by two additional K ions (K2) to form Z-shaped one-
dimensional (1-D) chains (Fig. 1c and Fig. S3 in Supporting infor-
mation). These 1-D chains are interconnected with each other via
Nal ions resulting in the 2-D networks (Fig. 2).

The character of light absorption of two compounds was in-
vestigated by UV-vis diffuse reflection spectroscopy. Due to the
presence of transition metals, the UV-vis spectra of POM[Fe] and
POM]|Cr] exhibit absorption peaks in the visible light region, indi-
cating their potential application in photocatalysis (Figs. 3a and b).
The XPS technique was further employed to determine the chem-
ical states of Fe and Cr in POM[Fe] and POM|Cr]. The peaks with
binding energies at 724.4 eV and 711.2 eV of POM|Fe] correspond
to Fe3* 2py, and Fe3* 2ps, states, respectively (Fig. 3c) [48,49].
The spectrum of POM[Cr]| shows two binding energies at 588.2 eV
and 578.4 eV which represent the electrons in the Cr3*2p; 12 and
Cr3+ 2p;, states, respectively (Fig. 3d) [50,51]. The 43 oxidation
states of these metal ions indicated by XPS were fully consistent
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Fig. 4. Cyclic voltammograms of (a) Fe-CPE and (b) Cr-CPE in an aqueous solution
of 0.05 mol/L KCI and 0.026 mol/L HCl under different scan rates from inner to
outer of 40, 60, 80, 100, 140, 180, 220, 260, 300 mV/s.

with the results of BVS analyses (Table S3 in Supporting informa-
tion).

To elucidate the electrochemical features of the POM[Fe] and
POM|Cr], Fe-CPE and Cr-CPE were prepared for cyclic voltammo-
gram measurements [52]. As shown in Fig. 4, in the potential range
of +200 mV to —800 mV, three pairs of redox peaks (I-I', II-IT,
[II-II") are both observed for the two compounds. The two pairs
of redox peaks in the negative region of potential values with E;,
peak potentials located at —205 mV (II/II") and —525 mV (III/1II") for
POM[Fe] and —195 mV (II/II") and —550 mV (III/III')) for POM|[Cr]
are assigned to the redox process of the W centers [53]. A couple
of redox peaks in the region with an E,j, peak potential of —20 mV
(I/T') for POM[Fe] and —25 mV (I/I") for POM[Cr] are attributed to
the Fe and Cr centers, respectively [54]. Their peak currents were
proportional to the square root of the scan rates, which indicates
that their redox processes are both diffusion-controlled (Fig. S4 in
Supporting information).

To gain the optimization for the reaction conditions, a series
of experiments were conducted by using isochromane (1a) as the
model substrate to examine the catalytic activity of POM[Cr] and
POM|[Fe] under irradiation of visible light at room temperature
(Table 1). Initially, different wavelengths including 390, 430, 460,
520 nm (green light), and white light were examined for the model
reaction in CH3CN at room temperature till full conversation, mon-
itoring by thin-layer chromatography (TLC) (entries 1-5). These
results revealed that 390 nm was the best light source, leading
to the desired product 2a in moderate isolated yield (68%, en-
try 1). However, considering the significance of visible light in or-
ganic synthesis and the negligibly different yields between 390 and
430 nm (entries 1 and 2), we decided to use 430 nm as the opti-
mized light source for further study. When POM|Cr] was employed
as photocatalyst in the model reaction, a lower yield of desired
product 2a was obtained (entry 6). To further improve the reac-
tion efficiency, a series of solvents including dimethyl sulfoxide
(DMSO), H,0, EtOH, dimethyl carbonate (DMC), 1,2-dichloroethane
(DCE), acetone, N,N-dimethylformamide (DMF), toluene, 1-butyl-3-
methylimidazolium tetrafluoroborate ([BMIM|BF,4) and 1,4-dioxane
were screened (entries 7-16). The results showed that when
DMSO, H,0, and acetone were employed as a solvent the yields
of 2a were 72%, 71% and 71%, respectively (entries 7, 8 and 12).
Given that the catalyst POM[Fe] is soluble in water while insolu-
ble in acetone, we choose acetone as the optimal reaction solvent
making POM[Fe] a heterogeneous catalyst. Finally, the examination
of the amount of catalyst showed that 0.5 mol% of catalyst was
the best amount for this transformation (entries 17-20). Therefore,
the optimal conditions were established as follows: 1a (0.4 mmol)
and photocatalyst POM[Fe] (0.5 mol%) in acetone (0.2 mol/L) were
stirred at room temperature under the irradiation of blue light
(430 nm) with O, (1 atm) as the sole oxidant.

With the optimized conditions in hand, the generality and
limitation of this photocatalytic oxygenation protocol were eval-
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Table 1
Optimization of the reaction.?

(0]

photocatalyst
@3) 0, (1 atm) o
solvent (0.2 mol/L)
1a light source, r.t. 2a
Entry Photocatalyst Light source Solvent Yield
(0.25 mol%) (10 W) (0.2 mol/L) (%)P

1 POM[Fe] 390 nm CH;CN 68
2 POM[Fe] 430 nm CH;CN 65
3 POM]Fe] 460 nm CH5;CN 52
4 POM][Fe] green CH;CN trace
5 POM[Fe] white CH;CN 21
6 POM[Cr] 430 nm CH5CN 45
7 POM[Fe] 430 nm DMSO 72
8 POM[Fe] 430 nm H,0 71
9 POM|Fe] 430 nm EtOH 62
10 POM[Fe] 430 nm DMC 43
11 POM[Fe] 430 nm DCE 67
12 POM[Fe] 430 nm Acetone 71
13 POM]Fe] 430 nm DMF 23
14 POM][Fe] 430 nm Toluene 46
15 POM[Fe] 430 nm [BMIM]BF,4 15
16 POM]Fe] 430 nm 1,4-Dioxane 48
17¢ - 430 nm Acetone 41
184 POM[Fe] 430 nm Acetone 59
19¢ POM][Fe] 430 nm Acetone 76
20f POM|[Fe] 430 nm Acetone 54

2 All reactions were performed by using 1a (0.4 mmol), photocatalyst (0.25
mol%) and solvent (0.2 mol/L) under 10 W blue LED, stirred at room tempera-
ture and in O, for 24 h. DMSO = dimethyl sulfoxide, DMC = dimethyl carbonate;
DCE = 1,2-dichloroethane; DMF = N,N-dimethylformamide; [BMIM|BF; = 1-butyl-
3-methylimidazolium tetrafluoroborate.

b Isolated yield;

¢ Without photocatalyst;

4 Photocatalyst (0.125 mol%);

¢ Photocatalyst (0.5 mol%);

f Photocatalyst (1 mol%).

uated by examining diverse compounds (Scheme 1). Firstly, dif-
ferent oxygen-containing heterocycles could be oxidized to cor-
responding lactones 2a and 2b or ketone 2c in moderate
to good yields (43%-76%). 2,3-Dihydro-1H-indene and 1,2,3,4-
tetrahydronaphthalene afforded the desired product 2d and 2e
with the yield of 68% and 63%, respectively. Then, the aro-
matic substrates with more active methylene could be easily
oxidized to generate ketones 2f-2i (46%-82%). Especially, 9,10-
dihydroanthracene 1f gave the corresponding anthracene-9,10-
dione 2f in the yield of 58%. Encouraged by these results, diverse
functional groups (-H, -CH3, -OMe, —-CH,Ph, -Ph, -Py) on the ben-
zylic position were further evaluated. It was found that all of the
compounds 1j-10 could be oxidized under the optimized reac-
tion conditions albeit with a longer reaction time (2j-20). Finally,
N-heterocyclic compounds were further evaluated in this photo-
catalytic system, generating the corresponding products 2p-2s in
moderated yields (43%—61%). It is a pity that this protocol failed
to realize the selective mono-oxidation of isoindoline 1s, which
has great value in medicines and materials [55]. Moreover, we also
found that the current catalytic system has some limitations. For
example, the N-heterocyclic compounds 1t-1y and the aliphatic
substrate 1z are not suitable in this oxidative reaction.

To get a deep insight into the reaction mechanism, a series of
control experiments were conducted as shown in Table 2. Firstly,
we concluded that oxygen was an essential and efficient fac-
tor via carrying out reaction under air and nitrogen atmosphere
(Table 2, entries 2 and 3). Then, no desired product was ob-
tained without light irradiation, indicating that light is of signifi-
cance in this process (Table 2, entry 4). Radical scavengers (2,2,6,6-
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Scheme 1. Substrate scope. Reaction conditions: 1 (0.4 mmol), POM[Fe] (0.5 mol%),
acetone (0.2 mol/L), blue LED (430 nm, 10 W), using O, balloon at room tempera-
ture. Isolated yields were given. 2 EtOH instead of acetone.

tetramethylpiperidin-1-yl)oxidanyl (TEMPO) was added under stan-
dard conditions (Table 2, entry 5). This reaction was inhibited, in-
dicating that a radical mechanism may be involved in this protocol.
Meanwhile, the adduct of TEMPO and radical species from 1a (i.e.,
intermediate 3 in Scheme 2) was detected by using high-resolution
mass spectroscopy (HRMS) (Fig. S8 in Supporting information). Ad-
ditionally, when superoxide radical scavenger 4-benzoquinone (BQ)
[56] was added into the reaction, the decreased yield of 2a demon-
strated that superoxide radical was generated and played an im-
portant role in the reaction process (Table 2, entry 6). Finally, hy-
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Table 2
Control experiments.?

o

@ Standard Conditions ©ii)

1a 2a
Entry  Varied condition Yield (%)  Conclusions
1 None 76 None
2 Air instead of O, 68 Efficient
3 N, instead of O, 0 Essential
4 Without light trace Essential
5 Added 4 equiv. of TEMPO 0 Radical
6 Added 2 equiv. of BQ 16 Peroxide radical
7 Added 2 equiv. of FeSO4 57 Hydroperoxide radical

@ Standard conditions: 1a (0.4 mmol), POM[Fe] (0.5 mol%), acetone
(0.2 mol/L), 10 W blue LED (430 nm), using O, balloon at room temperature
for 24 h. Isolated yields were given.

droperoxide radical may exist in this system through the result of
adding FeSO4 under standard conditions (Table 2, entry 7).

Based on the above experimental results, a plausible mecha-
nism was proposed as shown in Scheme 2. Firstly, ground state
POM]|Fe] was transformed into excited state POM[Fe]* under the
irradiation of visible light. Then, substrate 1a underwent a hydro-
gen atom transfer (HAT) process under the effect of excited state
POM|[Fe]* to generate intermediate 3, along with the generation
of POM[Fe]-H. Intermediate POM[Fe]-H was oxidized by oxygen to
regenerate the ground state POM[Fe] to accomplish the photore-
dox cycle and release a proton. Simultaneously, oxygen was trans-
formed into a superoxide radical. On the one hand, intermediate
3 was combined with superoxide radical to generate intermediate
4, which was protonated to obtain intermediate 5 (path a). On the
other hand, intermediate 3 reacted with hydroperoxide radical to
generate intermediate 5 (path b). Finally, intermediate 5 released
H,O0 to afford desired products 2a.

The stability and reusability of POM[Fe| were also evaluated. Af-
ter the reaction, photocatalyst POM[Fe] was isolated by centrifu-
gation, washed with 15 mL CH,Cl, three times, and air-dried at
room temperature for 24 h, then directly used in the next reac-
tion. As shown in Fig. 5, good stability and high catalytic activ-
ity of POM[Fe] was demonstrated due to the negligibly decreased
yield of 2a after the 7t cycle. Meanwhile, the results of PXRD pat-
terns and FTIR spectroscopy of recovered POM[Fe] also indicated
the good stability and well-maintained in crystal lattice (Fig. S9 in
Supporting information).

In summary, two POM dimers have been successfully synthe-
sized by the reaction of Nb/W mixed-addendum POM and TM ions
(Fe3+ and Cr3+). POM|Fe] can efficiently catalyze the selective ox-
idation of sp> C-H bonds under visible light using oxygen as an
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Fig. 5. Recycling experiments.

oxidant. The catalyst shows good stability and reusability in multi-
ple catalytic cycles. Mechanistic investigations suggest that the cat-
alytic reaction has gone through a hydrogen atom transfer process.
The superoxide radical has generated and played an important role
in the reaction processes. This work provides a feasible revelation
for exploring the development of new transition metal-modified
POMs in visible-light-induced organic reactions.
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