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Developing new photocatalysts for settling the tightest bottlenecks that lower efficiency, inferior
selectivity and harsh conditions in organic oxidation reactions with air is very significant. Herein,
ZnW–DPNDI–PYI was achieved by assembling a functional photosensitizer, an oxidation catalyst
[BW12O40]5�, and an organocatalyst into one single framework. The anion� � �p and NAH� � �O hydrogen
bonds interactions facilitate the consecutive photo-induced electron transfer (conPET) process for the
photocatalytic oxidation by stabilizing the radical-anion intermediate and catalyst-substrate interacted
moiety. Besides, N,N0-bis(4-pyridylmethyl)naphthalene diimide (DPNDI) can be excited by visible light,
the photogenerated electron and hole would further activate oxygen and substrates, respectively, to give
the corresponding redox products. High conversion and selectivity of ZnW–DPNDI–PYI in photocatalytic
coupling of primary amines and olefins epoxidation with air under visible-light have been demonstrated.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

With increasing concern about green and atom economy of
organic oxidation in the synthesis of fine chemicals, employing
sustainable and clean O2 oxidant alternative to oxidants such as
PhIO, NaClO, H2O2 and t-BuOOH has become one of the most
significant challenges for chemists [1–4]. However, the tightest
bottlenecks that lower efficiency, inferior selectivity, difficulty
separation of products and harsh conditions in the photocatalytic
oxidation with O2 have limited the practical application in the
industry production [5–7]. Due to the high activity of singlet oxy-
gen (1O2) and superoxide radicals (O2

��), developing new photocat-
alysts for achieving the synergy among them is necessary for
oxidation with excellent activity and selectivity in a mild condition
[8–10]. Many efforts by researchers using different photocatalysts
have been devoted in recent years, however, the efficiency still
needs to be improved because of limited catalytic centers, weak
force from center to center and less energy of a single absorbed
photon. [11,12]

Consecutive photo-induced electron transfer process is extre-
mely popular with chemists because it can overcome the current
energetic limitation of visible–light photoredox catalysis by using
the energies of two photons in one catalytic cycle [13]. Burkhard
König et al. reported that subsequent excitation of the perylene
diimide (PDI) radical anion accumulates enough energy for the
reduction of stable aryl chlorides giving aryl radicals [14]. Duan
et al. demonstrated the conPET concept can be extended to a
heterogeneous system [15]. However, due to the difficulty on the
stabilization of the radical anion formed after the first PET process,
the work about conPET process is still limited [16].

In this case, the combination of a photosensitizer and a co-
catalyst within a single framework is a powerful approach to gen-
erate photocatalysts for prospective practical applications [17–19].
DPNDI is one of the best candidates to satisfy the evaluation of
design principles because of its efficient electron-transfer property,
high redox activity and strong p-acidity [20]. After visible light
irradiation, DPNDI can be excited and the photogenerated hole
has strong oxidization. In addition, with the presence of electron
donor, DPNDI can form a colored radical anion DPNDI�� that can
further be excited by visible light [21]. Polyoxometalates (POMs)
are well-known catalysts studied in olefin epoxidation for their
stability against oxidative degradation [22,23]. Especially for mul-
tielectron transfer process, POMs are the promising applicants
because they can accept many electrons and protons without
deforming their structures and can produce O2

�� by reduced inter-
mediates [24]. Pyrrolidine-2-yl-imidazole (PYI) can act as a suit-
able electron donor to improve photoinduced electron transfer
[25,26].
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Scheme 1. The design concept for obtaining photocatalysts and representation of
selective benzylamine and olefins oxidation over ZnW–DPNDI–PYI by
photocatalysis.
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Herein, a new POM-incorporated metal-organic framework
(POMOF) {[Zn(HPYI)3]2(DPNDI)}[BW12O40]2 (ZnW–DPNDI–PYI or
Cat-1, for short) was synthesized by assembling the [BW12O40]5�

anion, zinc (II) ion, DPNDI and PYI within a single framework
(Scheme 1). It is ideally suited for heterogeneous photocatalytic
conversions owing to the electron donor and acceptor orderly
embedded within a photoactive framework. The directional
anion� � �p and CAH� � �anion interactions between trapped POM
anions and p–acidic DPNDI skeletons can promote charge transfer
among components, which should contribute to the activation of
O2 [27]. Through conPET process, DPNDI will first form radical
anion DPNDI��*, then the DPNDI��* acts as an electron transporter
to transfer electrons to the POM anion [28]. POM anion will act
as the electron receiver, which determines the generation of O2

��.
PYI moiety in the POMOF will promote the generation of the
DPNDI�� as electron donor. In addition, the energy transfer (ET)
gives rise to 1O2 generation over naphthalene units by light irradi-
ation [29]. The synergy of 1O2 and O2

�� is beneficial to the excellent
catalytic activity and selectivity under ambient conditions.
2. Experimental

2.1. 2.1 preparation

All reagents were used as purchased without further purifica-
tion. L–N-tert-butoxy-carbonyl-2-(imidazole)-1-pyrrolidine (L–
BCIP) [30], DPNDI [31] and K5[BW12O40]�5H2O [32] were prepared
according to literature methods and characterized by IR and 1H
NMR. Mixture of Zn(NO3)2�6H2O (44.6 mg, 0.15 mmol), K5[BW12-
O40]�5H2O (157.8 mg, 0.05 mmol), DPNDI (23.4 mg, 0.15 mmol)
and L–BCIP (24.5 mg, 0.1 mmol) for ZnW–DPNDI–PYI in mixed
water (4.0 mL) and methanol (2.0 mL) was stirred. The resulting
suspension was sealed in a 25 mL Teflon-lined reactor and kept
at 120 for four days. After cooling the autoclave to room temper-
ature, aqua rod-like single crystals were separated, washed with
water and air-dried. (Yield: ca. 60% based on K5[BW12O40]�5H2O).
Elemental analyses (EA) and ICP calcd (%) for C40H54N14O41W12Zn3:
C 12.68, H 1.44, N 5.18, Zn 5.18, W 58.22; Found: C 12.64, H 1.41, N
5.20, Zn 5.22, W 58.24 for ZnW–DPNDI–PYI.

2.2. Characterizations

EA of C, H and N were performed on a Vario EL III elemental
analyzer. ICP analyses were performed on a Jarrel-AshJ-A1100
spectrometer. FT-IR spectra were recorded as KBr pelletson JASCO
FT/IR-430. Powder XRD diffractograms were obtained on a Riguku
D/Max-2400. Circular dichroism (CD) spectrum was measured on
JASCO J-810. UV–Vis spectra were recorded on a HP 8453 spec-
trometer. Fluorescent spectra were measured on EDINBURGH
F900. The X-ray photoelectron spectroscopy (XPS) measurements
were conducted using an ESCALAB 250Xi high-performance elec-
tron spectrometer, using monochromatized Al Ka (hm = 1486.7 eV)
as the excitation source. Mott–Schottky measurements were tested
on a CHI 760E electrochemical workstation (Shanghai Chenhua
Instrument Co., China) in a three-electrode electrochemical cell
using a 0.1 M Na2SO4, temperature. 1H NMR spectra were recorded
on a Varian INOVA-400 MHz type (1H, 400 MHz) spectrometer. The
chemical shifts are reported in ppm relative to CHCl3 (d = 7.26) for
1H NMR. Optical rotation was measured on a PerkinElmer 241
polarimeter. The photocatalytic reaction were performed on
WATTCAS Parallel Light Reactor (WP-TEC-1020HSL) with 10 W
COB LED.

2.3. X-ray crystallographic analysis

Crystal with dimensions 0.20 � 0.13 � 0.05 mm for ZnW–
DPNDI–PYI was stuck on a glass fiber, and intensity data were col-
lected at 296(2) K on a Bruker Smart APEX II CCD diffractometer
with graphite-monochromated Mo Ka radiation (k = 0.71073 Å).
Routine Lorentz polarization and Multi-scan absorption correction
was applied to intensity data. Its structure was determined and the
heavy atoms were found by direct methods using the SHELXTL-97
program package [33]. The remaining atoms were found from suc-
cessive full-matrix least-squares refinements on F2 and Fourier
syntheses [34,35]. Positions of the hydrogen atoms attached to car-
bon and nitrogen atoms were geometrically placed. All hydrogen
atoms were refined isotropically as a riding mode using the default
SHELXTL parameters. Crystallographic data for ZnW–DPNDI–PYI
were summarized in Table S1.

2.4. Photocatalysis

2.4.1. Typical procedure for the photocatalytic oxidation of amines
A glass tube was filled with amines (5 mmol), ZnW–DPNDI–PYI

(14 lmol, 0.03 mol%) and acetonitrile (3 mL). The mixture was
exposed to a 10 W white LED lamp placed at a distance of 5 cm
under air at room temperature. After reaction for 16 h, the mixture
was centrifuged to remove ZnW–DPNDI–PYI and dried in vacuo.
The yield was calculated by integration of the characteristic 1H
NMR peaks of substrates and products.

2.4.2. Typical procedure for the photocatalytic oxidation of olefins
A glass tube was filled with styrene (5 mmol), ZnW–DPNDI–PYI

(14 lmol, 0.03 mol%) and CH3CN (3 mL). The mixture was exposed
to a 10 W white LED lamp placed at a distance of 5 cm under air at
room temperature. After reaction for 12 h, the mixture was cen-
trifuged to remove ZnW–DPNDI–PYI and dried in vacuo. The yield
was calculated by integration of the characteristic 1H NMR peaks of
substrates and products.
3. Results and discussion

Solvothermal reaction of Na5[BW12O40], Zn(NO3)2, L–BCIP and
DPNDI gave ZnW–DPNDI–PYI in a yield of 60%. Elemental analyses
and powder X-ray analysis (XRD) indicated the pure phase of its
bulk sample (Fig. S1). Single-crystal structural analysis revealed
that ZnW–DPNDI–PYI crystallizes in the chiral space group P21

(Table S1). The asymmetric unit of ZnW–DPNDI–PYI consists of
one cation {[Zn(HPYI)3]2 (DPNDI)}10+ and two [BW12O40]5– anions
(Fig. 1a). Each zinc ion adopts a tetrahedron geometry with four
nitrogen atoms from three protonated PYI and one DPNDI
(Fig. S2). The Keggin polyanions typically reside directly over the
electron-deficient naphthalene ring centroid with centroid dis-
tance 3.0 Å (Fig. S3). PYI is in-situ generated with the butoxycar-
bonyl of BCIP removed in the reaction and the pyrrolidine
nitrogen was protonated [36]. The intramolecular strong hydrogen

hqx
高亮



Fig. 1. (a) The schematic diagram of the catalytic site distribution in Cat-1, showing
the interactions of the catalytic sites. (b) 3D open network of Cat-1 viewed down
the b-axis. H-atoms are omitted for clarity.

Table 1
Optimization of the conditions for photocatalytic oxidative homocoupling of Benzy-
lamine.a

NH2

R

N

R RCatalyst/CH3CN

air/hv

Entry Catalyst Yield (%)b TONc TOF/h-1d

1 Cat-1 99 3571 223
2 Cat-1e – – –
3 blank – – –
4 K5[BW12O40] 8 160 10
5 DPNDI 16 36 2.3
6 L–PYI – – –
7 POM/DPNDI/PYI 22 – –
8 Cat-1f 97 3499 218
9 Cat-1g 92 3318 207
10 Cat-1h 87 3138 196

a Reaction conditions: Amine (5 mmol), Cat-1 (10 mg, 14 lmol, 0.03 mol%), 10 W
white LED lamp; room temperature, CH3CN 3 mL, in air, 16 h.

b Yield determined by 1H NMR spectroscopy of the crude products.
c Turnover number, calculated by the ratio of moles of product/mol of catalyst.
d Turnover frequency.
e No light.
f The yield of the second run.
g The yield of the third run.
h The yield of the fifth run.

Table 2
Photocatalytic oxidative coupling reaction of benzylamine by Cat-1a.

Entry 1 2c 3d 4e 5f

Cat-1 + + + + +
hv + + + + +
air N2 + + + +
Yield(%)b – 10 21 8 42

a Reaction conditions: Amine (5 mmol), Cat-1 (10 mg, 14 lmol, 0.03 mol%), 10 W
white LED lamp; room temperature, CH3CN 3 mL, in air, 16 h.

b Yield determined by 1H NMR spectroscopy of the crude products.
c DABCO as the single oxygen scavenger.
d Benzoquinone (BQ) as the superoxide scavenger.
e Isopropanol (IPA) as the �OH scavenger.
f KI as the hole scavenger.
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bonds formed between hydrogen atoms of DPNDI/PYI molecules
and oxygen atoms from the POM can immobilize the functional-
ized POM and enhance the stability of the structure. These ribbon
segments are further stacked to furnish a 3D supramolecular struc-
ture by [BW12O40]5–, DPNDI and PYI through CAH� � �O and
NAH� � �O hydrogen bonding interactions (Fig. 1b, Supplementary
Table 3). The total solvent-accessible volume accounts for approx-
imately 10.3% of the whole crystal volume as estimated by PLATON
[37]. It’s postulated that PYI would act as an electron donor to
ensure a conPET process, thus improving the catalytic efficiency.
Anion� � �p interactions combined with NAH� � �O hydrogen bonds
not only play important roles in directing the formation of the
POMOF but also increase the interactions among the components,
which improve the charge transfer and electron exchange, ensur-
ing longer excited-state lifetimes for achieving high activity and
selectivity under ambient conditions (Figs. S4–S6). [38,39]

To assess its ability to activate O2, Cat-1 was examined in the
photocatalytic oxidative homocoupling of amines into imines with
air as an oxidant in acetonitrile by visible light irradiation (Table 1).
As a model reaction, the oxidative coupling of benzylamine
afforded N-benzylidenebenzylamine with a conversion of 99% after
16 h (Table 1, entry1), which revealed the great oxidation ability of
Cat-1 in such a heterogeneous system, considering the extremely
simple workup. Table S4 summarizes the photocatalytic ability of
reported materials in recent years in oxidative coupling of benzy-
lamine. It indicates that Cat-1 is notably more active than the
reported catalysts based on other photosensitizers. Especially,
compared with Zn–PDI (TON of 74, TOF of 18.5), Cat-1 exhibiting
great performance might owing to the incorporation of electron
donor, L–PYI and electron acceptor, POM, which not only increases
the probability of conPET, but also improves charge separation.
[40]

The control experiments indicated that only traces of the target
product were detected without light or Cat-1 (Table 1, entries 2, 3).
In addition, utilizing only K5[BW12O40]�5H2O, DPNDI or L–PYI pro-
vides 8%, 16% and trace yield, respectively (Table 1, entries 4–6).
The simple physical mixture of POM, DPNDI and PYI converts
22% of the substrate into the target product (Table 1, entry 7).
The Cat-1 solids were easily isolated from the reaction suspension
by simple filtration. The removal of Cat-1 by filtration after 12 h of
irradiation shut down the reaction directly, with the filtrate afford-
ing no additional conversion over another 24 h of irradiation. This
observation suggested that Cat-1 was a true heterogeneous cata-
lyst in the catalytic system. After five runs of reuse, Cat-1 exhibited
a moderate loss of reactivity (from 99% to 87% yield (Table 1, entry
10), which indicated excellent recycling stability of Cat-1. The
PXRD pattern of the Cat-1 filtered from the reaction mixture
matched well with the fresh one, which suggested the mainte-
nance of the POMOF framework (Fig. S1).

When N2 replaced air, benzylamine was hardly converted into
the corresponding product, indicating the vital role of O2 in the
reaction process (Table 2, entry 1). The new characteristic UV–vis
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peaks of at 370 and 652 nm corresponding with oxidized tetram-
ethylbenzidine (TMB) demonstrates the moderate oxidation power
of Cat-1 (Fig. S10) [41]. When 1O2 scavenger, 1,4-diazabicyclo
[2.2.2]octane (DABCO), was added to the reaction mixture, a 10%
conversion was observed [42] (Table 2, entry 2) While in presence
of O2

�� scavenger p-Benzoquinone (BQ) [43], a 21% yield was
observed (Table 2, entry 3). Compared with previous report [15],
which the yield decreased slightly after adding BQ, O2

�� showed
great effect in this work. It might attribute to linker-to-cluster
charge transfer (LCCT) process among POM and NDI, along with
the generation of POMred. [27,38] In addition, 2,2,6,6-Tetrame
thyl-1-piperidinyloxy (TEMPO) and 5,5-dimethyl-pyrroline-N-
oxide (DMPO) were employed as the classical 1O2 and O2

�� probes,
respectively, further manifesting the 1O2 and O2

�� formation over
Cat-1 (Fig. S11). Besides, the formed 1O2 and O2

�� would further
generate H2O2 with the hydrogen abstract from substrates or sol-
vent [44]. Using isopropanol (IPA) as a hydroxyl radical (�OH) scav-
enger, the product yield decreased significantly to 8% (Table 2,
entry 4) [45]. Thus, we surmised �OH that generated from H2O2

as a side product in the oxidative coupling reaction played a partic-
ular role in the reaction process. Therefore, all the obtained results
corroborate each other and reveal that active 1O2 and O2

�� species
are indeed formed in our reaction system and that the synergy of
1O2 and O2

�� in the oxidation of Cat-1 is plausible. Besides, by add-
ing KI as the hole scavenger, a low conversion of 42% was achieved
(Table 2, entry 5) [46]. It’s indicated that charge separation is also
an important role in this work.

Spectroscopic investigations were further performed in order to
understand the mechanism of the catalytic cycle. The UV/Vis spec-
tra of Cat-1 after irradiation exhibit some intense absorption bands
Fig. 2. (a) Formation of the DPNDI radical anion (DPNDI�–) and [BWVI
11WVO40]6– upon pho

this case, intensity; Ex = 408 nm) of Cat-1, before and after irradiation. (c and d) Resolve
respectively.
centered at 509, 628 and 780 nm, which confirms the formation of
the DPNDI�� species (Fig. 2a) [47]. A shoulder at about 686 nm indi-
cates the intermolecular charge-transfer (CT) between PYI and
DPNDI [48]. The gradually reduced strength of the emission of
Cat-1 under visible light irradiation also verifies the electron trans-
fer from PYI to DPNDI (Fig. 2b) [22]. The incorporation of PYI
improves the charge transfer among the POMOF, thereby the gen-
erated radical anion DPNDI�� is more stable than previous reported
that only exist in N2 atmosphere [8,9], thus increasing the proba-
bility of the next PET process. Besides, after adding benzylamine
and light irradiated 30 min, the absorption bands increased
obviously, which indicates PET process also happen among
benzylamine and DPNDI. The blue-shift absorption bands at about
750 nm is assigned to W(V) d-d transitions and W(V)–W(VI)
intervalence charge transfer (IVCT) transitions in the reduced anio-
nic ligand [49–50], which is consistent with X-ray photoelectron
spectroscopy (XPS).

XPS analysis revealed that the tungstate atoms experienced
partial reduction under natural or UV–visible light in Cat-1. The
main doublets of W 4f peak in fresh (37.45 and 35.3 eV, Fig. 2c)
and irradiated ZnW–DPNDI–PYI (37.50 and 35.35 eV, Fig. 2d) were
located between the reported values of W(VI) ions. Compared with
fresh ZnW–DPNDI–PYI, the slight low-energy shifts of the XPS in
irradiated ZnW–DPNDI–PYI relative to the reduction of tungsten
are in accord with more W(V) ions. Note that, in irradiated ZnW–
DPNDI–PYI, the W 4f peak displayed additional contributions at
36.82 and 34.67 eV, which can be contributed to more reduction
of tungsten atoms after visible light irradiation. [51–52]
Beyond that, the more negative potential of the intermediate
[BWVI

11WVO40]6– (E[BWVI
12O40]5�/ [BWVI

11WVO40]6�) = –0.36 vs. NHE)
toexcitation (visible-light) of Cat-1 in air. (b) Changes in the fluorescence spectra (in
d W 4f XPS core-level spectra of Cat-1 before and after irradiation with visible-light,



Table 3
Photocatalytic oxidative coupling of various amines into imines.a

NH2

R

N

R RCatalyst/CH3CN

air/hv

Entry Substrate Product Yield(%)b TOF/h�1c

1 NH2 N 99 223

2 NH2

H3C

N

H3C CH3

99 223

3 NH2

F

N

F F

91 205

4 NH2

Cl

N

Cl Cl
S

80 180

5 S
NH2

S
N

84 189

6 N
H N 99 223

7 NH2 – – –

a Reaction conditions: Amine (5 mmol), Cat-1 (10 mg, 14 lmol, 0.03 mol%), 10 W
white LED lamp; room temperature, CH3CN 3 mL, in air, 16 h.

b Yield determined by 1H NMR spectroscopy of the crude products.
c Turnover frequency, calculated by the ratio of moles of product/mol of catalyst

per hour.
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[53] than the reduction potential of O2 to related reactive oxygen
species (ROS, E(O2/O2

��) = –0.33 vs. NHE) [54], it is theoretically fea-
sible for photocatalytic O2

�� generation.
The Mott–Schottky measurements on Cat-1 were performed at

a frequency of 2000, 2500, and 3000 Hz, in order to further eluci-
date the semiconductor characters and the possibility for the pho-
tooxidation [55]. As shown in Fig. 3, the positive slope of the
obtained C2� values (vs the applied potentials) is consistent with
those of typical n-type semiconductors [56]. The more negative
potential of the LUMO level (�0.34 V vs. NHE) in Cat-1 than the
reduction potential for the conversion O2 to O2

�� further prove the
possibility of forming O2

��. Based on the Tauc plot (Fig. S12) [57],
valence band (HOMO) was estimated to be 2.37 V vs NHE, which
guarantees a high oxidation ability for benzylamine (E1/2(M+/M)
of +1.47 V vs. NHE) [58].

Upon the optimization of reaction conditions by using benzy-
lamine as a probe substrate, to demonstrate the general applicabil-
ity of Cat-1, different amines were examined (Table 3). When
benzylamine was substituted with electron-donating substituents
(ACH3), a 99% conversion was achieved (Table 3, entry 2). How-
ever, the efficiency of benzylamine substituted with electron-
withdrawing substituents (AF and ACl) was decreased to 91%
and 80% conversion, respectively (Table 3, entry 4). For hetero-
cyclic amine that usually poison metal catalysts, it also can be well
tolerated and displayed excellent yield (Table 3, entry 5). Second-
ary amine also gave an excellent yield (Table 3, entry 6). However,
the oxidative coupling of aniline without a hydrogen atom at its
a-carbon did not proceed (Table 3, entry 7), which suggested that
reaction might occur via hydrogen abstraction.

Based on the unique features of the Cat-1 and the above catal-
ysis results, a possible cooperative catalytic mechanism is pro-
posed (Scheme 2). Upon visible light photoexcitation DPNDI
photooxidizes benzylamine, giving the radical anion DPNDI�� and
the benzylamine radical cation [14]. Continuous irradiation of the
radical anion DPNDI�� with visible light triggers a single electron
transfer (SET) from the excited DPNDI��* to [BW12(VI)O40]5� pro-
ducing the [BW11W(V)O40]6� and regenerating the neutral DPNDI
[27]. Simultaneously, the photogenerated electrons of DPNDI can
activate O2 via an energy transfer yielding 1O2 [29]. The holes in
the valence band of DPNDI also oxidized the benzylamine to ben-
zylamine radical cation and the electron in the conduction band of
DPNDI reduced the [BW12(VI)O40]5� to [BW11W(V)O40]6�. Along
with the reoxidation of the [BW11W(V)O40]6� by O2, O2

�� was gen-
erated. The formed ROS (1O2 and O2

��) would abstract the benzylic
hydrogen from the benzylamine radical cation to produces the
intermediate imine and H2O2 [44]. H2O2 further dissociated into
�OH, which play a supportive role in the oxidation of benzylamine
Fig. 3. Mott–Schottky plots for Cat-1 in 0.1 M Na2SO4 aqueous solution.
to the corresponding imine. Then, the imine reacts with an addi-
tional amine molecule to produce the desired product after
removal of ammonia.

Although the synergy of 1O2 and O2
�� have been reported in the

photocatalytic oxidative homocoupling of amines into imines, the
application in epoxidation is still in dark, due to the inferior selec-
tivity of olefins oxidation with O2 [59–61]. The catalytic perfor-
mance of Cat-1 in the epoxidation reaction of styrene with air as
oxidant in CH3CN, along with the heterogeneous reaction of Cat-
1 (0.03% mol ratio) at room temperature, was initially studied
(Table 4). After 20 h of visible-light irradiation with a 10W white
LED lamp as light source, a 92% yield of epoxidation product was
obtained and a 7% benzaldehyde, the result revealed the successful
implementation of our POMOF design (Table 4, entry 1).

Control experiments and recycle tests clearly revealed the pho-
tocatalytic and heterogeneous nature (Table S5, entries 1–4). Using
DPNDI or K5[BW12O40]�5H2O as a homogenous catalyst with one
organocatalytic reaction center could initiate the reaction and
afford epoxide with a 20% and 12% yield under similar reaction
conditions, respectively (Table S5, entries 5, 6). The use of DPNDI,
L–PYI and K5[BW12O40]�5H2O as multicomponent catalysts pro-
vided 34% yield of epoxide (Table S5, entry 7). Adding different
ROS scavengers, the yields are decreased differently. Especially,
the addition of IPA as �OH scavenger, the selectivity decreased sig-
nificantly (Table 4, entry 4). The control experiment utilizing H2O2

as oxidant in the styrene oxidation was carried out in the dark. The
result showed a 99% yield of epoxide achieved after 24 h. The
above results demonstrated H2O2 was help for the generation of
the peroxide tungstate intermediates. Therefore, compared to
UiO-66-NH2 (Selectivity, 16.5%, Table S6, entry 2) [47], the high
selectivity of this work was owing to the generation of H2O2, which
will activate the corresponding W@Ot to generate an active perox-
ide tungstate intermediate. The IR spectra of Cat-1 obtained in
photocatalytic epoxidation process generated some new bands,
which are corresponding with the OAO vibration bands. The
results further proved the generation of peroxide tungstate inter-
mediates, as reference reported [62]. Besides, the PYI moieties
not only function as an electron donor to improve conPET, but also
activate the W@Ot bond to improve the generation of the interme-
diate through the hydrogen bonds between the pyrrolidine N atom
and the terminal oxygen atoms of [BW12O40]5� [63]. Thereby, the



Scheme 2. Proposed catalytic mechanism.

Table 4
Conversion and selectivity in the photocatalysis oxidation of styrene with different
oxidant, catalyst and radical scavenger.a

+

O

Oxidant/ Cats

CH3CN, LED +
OH

O

H

O

(a) (b) (c)

Entry Control Yieldb Sel.(%)b

a b c

1 Air 92 7 – 92
2 Air/DABCOc 30 4 – 88
3 Air/BQd 34 5 – 86
4 Air/IPAe 20 5 57 25
5 Air/KIf – – – –

a Reaction conditions: Styrene (5 mmol), Cat-1 (10 mg, 14 lmol, 0.03 mol%),
10 W white LED lamp; room temperature, CH3CN 3 mL, in air, 20 h.

b Yield determined by 1H NMR spectroscopy of the crude products.
c DABCO as the single oxygen scavenger.
d Benzoquinone (BQ) as the superoxide scavenger.
e Isopropanol as the �OH scavenger.
f KI as the hole scavenger.
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higher efficiency and selectivity of the reaction catalyzed by Cat-1
may be attributed to the orderly distribution and spatial matching
of the multi-catalytic groups, which simultaneously facilitate
charge transfer among internal components and effectively bind
and orient with substrates and O2, respectively. The use of this cat-
alyst can be extended to other substituted styrene substrates with
comparable activity and selectivity (Table S7).
4. Conclusion

In summary, we have developed a powerful approach to con-
struct ternary supramolecular system for prospective practical
photocatalytic applications by assembling a functional photosensi-
tizer, electron donor and electron acceptor into one single frame-
work. The photocatalyst obtained with this strategy possesses
the conPET process, good stability and long-lived charge-
separated state. It exhibits high efficiency and selectivity in
visible-light photocatalytic oxidation utilizing air under ambient
conditions. This work opens up a new route for design and con-
struction of excellent solid catalysts at the molecular level and
expands the scope of MOFs as heterogeneous photocatalysts.
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