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Abstract: 2,4,6-Triphenylpyrylium (TPT+) functions as a
classic organic photocatalyst and exhibits a noteworthy
absorption in the visible range, strongly oxidizing
excited states, and a somewhat unstable structure.
Inspired by the nuclear chromophore and dual catalysis
strategy, herein, we report a universal photoredox plat-
form constructed by TPT+-mimic bridging ligands and
reductive metal ions on the basis of metal–organic
supramolecular systems for various organic couplings
and molecular oxygen activation under visible-light
irradiation. Significant photoinduced electron transfer
and ligand-to-metal charge-transfer events are both
integrated and regulated by the spatial and kinetic
confinement effects of the structurally confined micro-
environments, effectively improving the efficiency of
electron transfer and radical–radical coupling processes
in photocatalysis. This package deal provides a promis-
ing way for the design of novel photocatalysts and the
development of versatile and sustainable synthetic
chemistry.

Introduction

Photoredox catalysis is becoming an important synthetic
strategy in organic synthesis, enabling the conversion from
solar power to chemical energy.[1] Compared to traditional
synthetic reactions, visible-light-driven photocatalytic reac-
tions usually proceed in a green and sustainable way under
mild conditions.[2] Diverse homogeneous photocatalysts,
mainly including Ru/Ir complexes and organic dyes, exhibit
capacities to absorb optical radiation and initiate organic
reactions with single-electron transfer (SET) or energy
transfer (EnT).[1c, 3] Assembly of different kinds of functional
groups on the backbone can synergistically modulate the
oxidation and reduction potentials of a photocatalyst, but it
is always difficult to regulate one without any effect on the
other.[4] Besides, most photochemical reactions undergo a

radical pathway, which allows direct radical–radical coupling
of non-traditional nucleophile partners and confers access to
a broad range of organic synthesis.[5] In terms of the
character of the radicals, such as an unstable nature, low
concentration, and incidental self-quenching, it remains a
significant challenge to promote the photoreaction efficiency
of radical–radical coupling and widen the application of
photocatalysis.[6] In the past several years, the dual catalytic
system, which merges photocatalysis and transition-metal
catalysis, has been demonstrated to be a versatile platform
for the development of synthetic photochemistry.[7] Within
this strategy, the photocatalyst uptakes light and reacts with
organic substrates to deliver photogenerated species, and
the metal catalyst further manipulates the active radical
intermediates to complete chemical transformations. Mean-
while, low concentrations of catalyst intermediates result in
limited efficiency of the crucial electron transfer between
two catalytic cycles, restricting the further application of this
system to a certain degree.

Well known as hybrid porous crystalline materials linked
by coordination bonds, metal–organic supramolecular sys-
tems have emerged as a powerful tool to mimic and study
natural photosynthetic systems.[8] Both the distinct parts of
metal–organic polymers (MOPs)-metal nodes and organic
linkers can be easily tailored for photocatalysis owing to
their modular nature; the highly ordered structures, large
surface areas, and uniform pores or channels of MOPs
contribute to the exposure of active sites and diffusion of
substrates during catalytic reactions.[9] Importantly, by
constructing photo- and metal catalysts into one crystalline
material, the dense distribution and tight connection of both
catalytically active sites ensure the charge transport proc-
esses, such as ligand-to-metal charge transfer (LMCT),
between each other occurs conveniently owing to the spatial
confinement effect of MOPs. The kinetic confinement effect
of structurally confined microenvironments of MOPs can
dock and gather the unstable radical intermediates around
catalytic sites, increase the relative concentrations and
collision probabilities of radicals, and thus result in efficient
radical–radical couplings.[10] Therefore, establishing a univer-
sal platform that depends on MOP materials and a dual
catalysis strategy will bring great benefit to the development
of photoredox radical-mediated reactions.

2,4,6-Triphenylpyrylium (TPT+) functions as a classic
organic photoredox catalyst, has a noteworthy absorption in
the visible range, and is strongly oxidizing in both the singlet
and triplet excited states [ES1

red = + 2.79 V vs. NHE (normal
hydrogen electrode); ET1

red = +2.26 V vs. NHE].[3] However,
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with the high oxidation potential in the excited state, the
ground-state reduction potential of TPT* is not sufficiently
negative to reduce 3O2 to generate superoxide (O2

*� ),[11]

which is the key step in most aerobic oxidation reactions.
Furthermore, TPT+ is not stable enough to exist with strong
nucleophilic reagents.[12] By turning the pyrylium into a
stable pyridinium structure and equipping three coordinat-
ing carboxyl groups, herein, we design a TPT+ mimic, 2,4,6-
tris(4-carboxyphenyl)-1-methylpyridin-1-ium (PYTC+) as an
organic linker coordinated with metal ions possessing high
reductive activity in the reduction state to construct a novel
photoredox MOP platform (Scheme 1). Taking advantage of
the spatial and kinetic confinement effects of MOPs, we
envisioned that the photo-oxidative half reaction via photo-
induced electron transfer (PET) and the reductive half
reaction via metal catalysis can be restricted in the confined
microenvironments and integrated through LMCT. As
expected, the optical antenna PYTC+ reaches its excited
state [PYTC+]* under visible-light irradiation, followed by a
SET process with a reducing organic substrate to release a
cationic radical intermediate [Red]*+ and [PYTC]*. An
internal LMCT from [PYTC]* to MII gives MI and the
regeneration of the PYTC+ photocatalyst. With the strong
reducing capacity of MI species, single-electron reduction
with another oxidizing substrate is feasible, affording [Oxi]*�

and resetting the catalytic cycle. Rapid combination of
[Red]*+ and [Oxi]*� occurs to form the cross-coupling
product controlled by the kinetically confined effect. To the
best of our knowledge, this is the first dual-catalysed
platform for photoredox radical-coupling reactions based on
TPT+ mimics, providing promise for the establishment and
development of scalable and sustainable synthetic strategies.

Results and Discussion

The solvothermal reaction of MnCl2·4H2O and PYTC+ in a
mixed solvent of CH3CN and N,N-dimethylformamide
(DMF) at 120 °C for 3 days afforded the TPT+-mimic-
containing MOP (named as Mn-PYTC+) in a high yield. Co-
PYTC+ was prepared in a similar way with Co(NO3)2·6 H2O
and PYTC+ in CH3CN. Single-crystal X-ray diffraction
(SCXRD) analysis revealed that both Mn-PYTC+ and Co-
PYTC+ crystallise in a triclinic system (space group P�1)
with M3(COO)6X2 (M=Mn, Co; X=Cl, NO3) as the
secondary building unit (SBU) (Table S1–S3). Furthermore,
the coincidence of powder X-ray diffraction (PXRD) peaks
between Mn-PYTC+ and Co-PYTC+ indicated that they
are isomorphous (Figure S1). As shown in Figure 1a, the
central atom Mn of the SBU in Mn-PYTC+ is hexa-
coordinated with six oxygen atoms from PYTC+ ligands,
exhibiting an octahedral geometry. The other two Mn atoms
at terminal positions are penta-coordinated, featuring coor-
dination by four oxygen atoms from PYTC+ ligands and
one axial Cl atom in a distorted trigonal-bipyramidal
configuration. The metal–oxygen cluster in Co-PYTC+

shows a similar coordination pattern except for the terminal
Co atom hexa-coordinated by four oxygens from PYTC+

and two from a nitrate instead of Cl (Figure 1b). M-PYTC+

adopts a two-dimensional (2D) layered network with each
trinuclear cluster SBU bridged by six carboxylate ligands
(Figures 1c, S2–S4). π–π interactions between adjacent layers
result in a staggered AB stacking fashion in M-PYTC+

(Figures 1d, S5–S7), which is likely to facilitate the excitation
delocalization and enhance the light-harvesting ability for
the MOP.[13] The purity of the as-synthesized crystals after
desolvation treatment was verified by PXRD patterns that

Scheme 1. The building blocks and self-assembly process of MOP M-PYTC+, and the conceptual illustration for the synergistic photocatalytic
platform merged with PET, LMCT, and radical couplings confined by spatial and kinetic effects. Oxi=oxidizing substrate, Red= reducing substrate,
Pro=product.
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matched well with the simulated one for M-PYTC+ (Fig-
ure S1). Scanning electron microscopy (SEM) and energy
dispersive spectrometer (EDS) mapping images displayed
that Mn, Cl, and N elements were uniformly distributed in
the block crystal of Mn-PYTC+ (Figure S8). The thermal
stability of the two as-synthesized MOPs was investigated
next. Thermogravimetric analysis (TGA) showed that both
Mn-PYTC+ and Co-PYTC+ are thermally stable up to
300 °C (Figures S9–S10), ensuring the maintenance of the

framework structure during the catalytic reaction at room
temperature.

The optical and electrical properties of M-PYTC+ were
studied next. The UV/Vis spectra of Mn-PYTC+ and Co-
PYTC+ showed a broader absorption over the visible-light
range than PYTC+ (Figure 2a). The stacking π–π interac-
tions between ligands and the distorting coordination
geometry of metal centres in M-PYTC+ are speculated to
contribute to the red shift of the UV/Vis absorption band.[14]

The band gaps (Eg) of Mn-PYTC+ and Co-PYTC+ were
estimated to be 2.86 and 3.10 eV, respectively, by the
Kubelka–Munk (KM) method from Tauc plots (Figure 2d),
demonstrating their application prospects as semiconducting
photocatalysts.[15] To further elucidate the semiconductor
character and photocatalytic abilities of M-PYTC+, Mott–
Schottky electrochemical measurements were performed at
frequencies of 500, 1000, and 1500 Hz (Figures 2e and f).
The positive slope of the linear plots demonstrates the
typical n-type semiconducting character of M-PYTC+.[16]

The flat band positions determined from the intersection are
� 1.02 V vs. Ag/AgCl (i.e., � 0.82 V vs. NHE) for Mn-
PYTC+ and � 1.09 V vs. Ag/AgCl (i.e., � 0.89 V vs. NHE)
for Co-PYTC+. With the bottom of the conduction band
(LUMO) in n-type semiconductors generally approximate
to the flat-band potential,[17] the LUMO of Mn-PYTC+ is
estimated to be � 0.82 V vs. NHE, and the top of valence
band (HOMO) is calculated to be 2.04 V vs. NHE. The
LUMO and HOMO of Co-PYTC+ are � 0.89 V and 2.21 V
vs. NHE. Similar results were also obtained via ultraviolet
photoelectron spectroscopy (UPS) analysis on the ionization
potentials (equivalent to valence band maximum, VBM) of
Mn-PYTC+ and Co-PYTC+ (Figures S11–S12). The suffi-
ciently positive potential of the HOMO and negative

Figure 1. Coordination environment of trinuclear clusters in a) Mn-
PYTC+ and b) Co-PYTC+; c) the top view of the 2D network structure of
Mn-PYTC+; d) the top view of the stacking model in Mn-PYTC+. All
hydrogen atoms and solvent molecules are omitted for clarity, and
branched chains are also omitted. Orange, Mn; pink, Co; red, O; blue,
N; grey, C; green, Cl.[37]

Figure 2. a) UV/Vis spectra, b) photocurrent responses, and c) EIS plots of Mn-PYTC+, Co-PYTC+, and PYTC+; d) Tauc plots of Mn-PYTC+ and Co-
PYTC+; e, f) Mott–Schottky plots for Mn-PYTC+ and Co-PYTC+, respectively, in 0.1 M KCl aqueous solution (insets are the energy diagrams of
HOMO and LUMO levels)
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potential of the LUMO of both Mn-PYTC+ and Co-PYTC+

suggests a wide application in various photoinduced organic
synthesis reactions. In view of the charge-separation effi-
ciency of photocatalysts being an important influencing
factor for photocatalytic processes, photocurrent, time-
resolved fluorescence emission decay, and electrochemical
impedance spectroscopy (EIS) experiments were then
carried out for comparison. Mn-PYTC+ exhibits obviously
stronger photocurrent responses than Co-PYTC+ and
PYTC+ at different wavelengths (Figures 2b, S13–S14),
implying that added free-charge carriers, which provide an
efficient separation level for photogenerated electron-hole
(e-h) pairs and an enhanced catalytic activity, are
generated.[18] The promoted charge-separation efficiency of
M-PYTC+ was further confirmed by the shorter lifetime of
the excited state when compared with PYTC+ (Fig-
ure S15).[19] EIS for Mn-PYTC+ shows the smallest radius
and lowest charge-transfer resistance (Figure 2c), suggesting
the high efficiency for charge transfers in Mn-PYTC+.[20]

A typical challenging photoredox radical-coupling reac-
tion, direct C(sp3)� H arylation of N-phenylpyrrolidine with
1,4-dicyanobenzene, was chosen as the model reaction to
investigate the photocatalytic activities of M-PYTC+ (Ta-
ble 1). After considerable effort, we found that the reaction
presented the best result in the presence of Mn-PYTC+ and
NaOAc under 405 nm LED irradiation at room temperature
for 5 h, and was able to give the target product 1a in a high
isolated yield of 92% (entry 1). The main peaks from the
PXRD pattern of the as-synthesized Mn-PYTC+ remained
after the reaction, certifying the integrity and stability of the
MOP structure (Figure S17). Control experiments showed
that both photocatalysts and light irradiation were crucial
for the photoinduced arylation reaction (entries 2–3). Re-
moving the inorganic base was detrimental to the yield of 1a
(entry 4). Importantly, no 1a was obtained with a single
active motif of MnCl2·4H2O or PYTC+, or a simple mix of

both as photocatalysts, verifying that synergistic catalysis
and spatially confined electron transfer between metal nodes
and organic ligands in M-PYTC+ (entries 5–7) were essen-
tial. By contrast, Co-PYTC+ only furnished the cross-
coupling product in a 30 % yield under the same conditions,
consistent with the results from the photocurrent and EIS
experiments (entry 8). Dimethylacetamide (DMAC) was
another effective solvent for the model reaction, realizing
the complete conversion of substrates in 1 h. However, the
isolated yield of 1a only reached 86% with undesirable
formation of some unknown by-products (entry 9). Further
investigation on the effect of light wavelengths showed the
reaction efficiency for M-PYTC+ decreased obviously with
wavelength extension (Figure S18).

α-Arylated amines, as a classic kind of high-value-added
structure, have widespread applications in the pharmaceut-
ical industry, such as producing therapeutic drugs and
bioactive compounds.[21] Thus, it is of great benefit to
expand the substrate scope for the efficient C(sp3)� H
arylation of amines via heterogeneous photocatalysis. As
shown in Table 2, various cyanobenzenes with different
electron-withdrawing groups were surveyed first as radical
precursors with C� CN bond cleavage, giving the desired
arylated amines in satisfying yields (1a–1e). Additional
amines, including N-phenylpiperidine and N-phenylmorpho-
line, also exhibited good activities in this strategy with
DMAC instead of CH3CN as the solvent (1 f–1g). Compared
to the previously reported results with the Ir-catalysed
homogeneous system,[22] the reaction time was markedly
shortened without obvious loss of yield. Moreover, multi-
fluoroarenes and multisubstituted monofluoroalkenes are
fundamental structural motifs in medicinal chemistry and
agrochemistry.[23] Applying our photocatalytic platform,
these valuable building blocks could also be synthesized
with gem-difluorostyrenes and aryl donors ArF� F as sub-
strates. After a slight adjustment in reaction conditions, the
α-amino C(sp3)� H multifluoroarylation (1h–1 j) and mono-
fluoroalkenylation (1k–1m) of amines were also achieved
with moderate-to-good efficiency with Mn-PYTC+ as the
photocatalyst.

To explore the detailed electron-transfer processes in
photocatalysis, Stern–Volmer fluorescence quenching ex-
periments were employed. Among the substrates and Mn2+

species contained in the catalytic system, only N-phenyl-
pyrrolidine could quench the fluorescence of PYTC+ near
430 nm (Figures S19–S22). Based on the free energy change
(E0,0) between the ground and vibrationally relaxed excited
states, the oxidation potential Ered(P*/P*� ) of the excited-
state PYTC+ was determined as +2.73 V vs. NHE, which is
similar to that of TPT+ (Figure S16 and Table S4).[3] Both
the fluorescence-quenching results and the high oxidation
potential demonstrated that an SET process occurred
between photoexcited [PYTC+]* and N-phenylpyrrolidine (
Ered = +0.95 V vs. NHE)[22] to start the catalytic cycle.
Impressively, the fluorescence intensity of PYTC+ attenu-
ated by a strong electron donor, triethylamine, could be
partially recovered with the addition of MnCl2·4H2O
(Figures S23–S24). This phenomenon implied the intermedi-
ate [PYTC]* was capable of transferring a single electron to

Table 1: Control experiments of reaction conditions.[a]

Entry Deviation from standard conditions Yield (1a) [%]

1 None 92
2 Without Mn-PYTC+ trace
3 Without light 0
4 Without NaOAc 34
5[b] MnCl2·4H2O instead of Mn-PYTC+ trace
6[c] PYTC+ instead of Mn-PYTC+ 0
7[b,c] MnCl2·4H2O+PYTC+ instead of Mn-PYTC+ 0
8 Co-PYTC+ instead of Mn-PYTC+ 30
9 DMAC instead of CH3CN 86 (1 h)

[a] Standard conditions: amine (0.2 mmol), 1,4-dicyanobenzene
(0.1 mmol), NaOAc (0.1 mmol), Mn-PYTC+ (1 μmol, 0.01 equiv) in
CH3CN (1 mL) irradiated with a 30 W 405 nm LED at room
temperature for 5 h. Yields were determined as isolated product.
[b] 3 μmol MnCl2·4H2O. [c] 3 μmol PYTC+.
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the metal node in some cases. Meanwhile, no similar trend
was observed with (2,2-difluoroethene-1,1-diyl)dibenzene as
the recovering reagent, eliminating the possibility of the
direct SET from [PYTC]* to the oxidizing substrate (Fig-
ure S25). Quenching experiments were performed next
(Table S5). The cross-coupling reaction was completely
inhibited by addition of excess 2,2,6,6-tetrameth-
ylpiperidinooxy (TEMPO) or 2,6-di-tert-butyl-4-meth-
ylphenol (BHT), suggesting the reaction undergoes a radical
pathway (entries 1 and 2).[24] KI and AgNO3, respectively as
hole and electron scavengers, also induced an entire loss of
reaction efficiency, implying that both holes and electrons
played important roles in this photoredox system (entries 3
and 4).[25]

Based on the above results and the model electron-
transfer system shown in Scheme 1, we proposed a reaction
mechanism for α-amino C(sp3)� H arylation and monofluor-
oalkenylation of amines (Scheme 2). Under irradiation by
visible light, the photoexcited [PYTC+]* is easily engaged in
a SET process with N-phenylpyrrolidine to release ground-
state [PYTC]* and radical I. Deprotonation of I delivers α-
amino radical II.[26] Meanwhile, M(I) generated by the
subsequent LMCT is able to reduce the radical precursor to
form an anionic radical intermediate III, followed by
cleavage of a C� F[23] or C� CN[22] bond to provide another
carbon radical IV. Eventually, kinetic-confinement-effect-
controlled radical–radical combination between radical II
and IV furnishes the desired product.

Encouraged by the fantastic catalytic activities of our
Mn-PYTC+ photoredox platform, we next turned our

attention to the aerobic oxidative coupling reaction of
benzylamines as a probe reaction consisting of an organic
coupling reaction and molecular oxygen activation. After
systematic optimization, the model reaction showed the best
efficiency under the standard conditions as shown in
Table S6, entry 1. As the reaction time prolonged, benzalde-
hyde was detected as a by-product during the aerobic
coupling reaction, suggesting that the reaction time should
be precisely controlled for acquiring the pure target product.
Benzylamine was hardly converted into 2a under N2 instead
of an air atmosphere, indicating that O2 was indispensable

Table 2: Scope of α-amino C(sp3)� H arylation and monofluoroalkenylation of amines.

[a] Reaction conditions: amine (0.2 mmol), benzonitrile (0.1 mmol), NaOAc (0.1 mmol), Mn-PYTC+ (1 μmol, 0.01 equiv) in CH3CN (1 mL)
irradiated with a 30 W 405 nm LED at room temperature. Yields were determined as isolated product. [b] DMAC instead of CH3CN. [c] Amine
(0.2 mmol), fluorobenzene or gem-difluoroalkenes (0.1 mmol), NaHCO3 (0.2 mmol), Mn-PYTC+ (1 μmol, 0.01 equiv) in CH3CN (1 mL) irradiated
with a 30 W 405 nm LED at room temperature for 24 h. Yields were determined as isolated product. The E/Z values were determined by 1H NMR
spectroscopy.

Scheme 2. Proposed mechanisms for α-amino C(sp3)� H arylation and
monofluoroalkenylation of amines.
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for the oxidative reaction (entries 2 and 3). No coupling
product was observed in the absence of light or photo-
catalyst, proving the transformation from benzylamine to N-
benzylbenzaldimine to be assuredly driven by Mn-PYTC+

photocatalysis (entries 4 and 5). In addition, 2a could not be
produced in abundance when using MnCl2·4H2O or PYTC+

as photocatalysts (entries 6–7). Replacement of Mn-PYTC+

with Co-PYTC+ resulted in slightly reduced activity, giving
an 88 % conversion rate of benzylamine under the same
conditions (entry 8).

Considering that two processes, radical couplings and O2

activation, are involved in the probe reaction, we conducted
a series of photocatalytic experiments on Mn-PYTC+ based
on the oxidation of benzylamine. A time-course study of
Mn-PYTC+ photocatalysis showed the conversion of benzyl-
amine increasing in a linear fashion (Figure S26), revealing a
pseudo-zero-order kinetic behavior. To explore the hetero-
geneous catalysis nature, Mn-PYTC+ was filtered out after
6 h and consequently no more product was obtained even
after extending the reaction time to 10 h (Figure S27). The
stability and recyclability of Mn-PYTC+ were subsequently
examined and its activity was well maintained in five
continuous cycles (Figure S28). Also, there was no marked
difference between the recovered and as-synthesized PXRD
patterns, confirming the structural integrity and stability of
Mn-PYTC+ during the catalytic reaction (Figure S29).

The substrate scope of selective benzylamine oxidation
was investigated to demonstrate the general applicability
(Table 3) of the reaction. Benzylamines substituted with
various electron-donating and electron-withdrawing groups
were transformed into their corresponding products in
excellent yields (2a–2k). Heterocyclic amines, such as
pyridin-3-ylmethanamine and 2-thiophenemethylamine,
known as poisons to metal catalysts,[27] were also examined
and displayed satisfying yields (2 l–2m). Secondary dibenzyl-
amine afforded the target product 2a smoothly with a
similar comparable yield. However, aniline without a hydro-
gen atom at its α-carbon was not a suitable substrate for the
oxidative coupling (2n), suggesting that a hydrogen abstrac-
tion process might be indispensable in this reaction.

Additional exploratory experiments were performed to
further inspect the mechanism of electron-transfer and
oxygen-activation courses. Firstly, fluorescence-quenching
outcomes showed that the emission of photoexcited PYTC+

was quenched by benzylamine (Figures S30–S31), emerging
a similar SET process between the bridging ligand and
benzylamine (Ered� +1.47 V vs. NHE).[10a] Importantly, the
fluorescence-recovery phenomenon was also obtained with
the subsequent addition of MnCl2·4H2O after benzylamine,
further proving the internal LMCT process from [PYTC]* to
the metal node (Figure S32). Moreover, inspired by the
previous studies,[28] molecular oxygen species are converted
into reactive oxygen species (ROS) via SET or EnT with
photosensitizers. When the singlet oxygen (1O2) scavenger,
9,10-diphenylanthracene (DPA), was added into the reac-
tion under standard conditions, the endoperoxide generated
by DPA and 1O2 was successfully detected by high
resolution mass spectra (HRMS), uncovering the involve-
ment of 1O2 in the photocatalytic system (Figure S33).[29]

Additionally, 2,2,6,6-tetramethylpiperidine (TEMP) was em-
ployed as the 1O2 trapping agent to further confirm the 1O2

formation by electron-spin-resonance (ESR) spectroscopy,
and a typical triplet peak for TEMPO was observed under
long-time visible-light irradiation (Figure 3a).[30] Replacing
TEMP with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as
the O2

*� and *OH radical trapping agent, a specific sextet
signal attributed to DMPO-O2

*� , but no obvious signal for
*OH, was collected sensitively by ESR spectra in situ,
confirming the quick generation of O2

*� (Figure 3b).[28b]

Deep insights into the key roles of ROS in the oxidative
coupling of amines were obtained by quenching experiments
(Table S7). Introducing tert-butanol, the representative
inhibitor for *OH,[10a] into the model reaction had little effect
on the conversion of benzylamine, further excluding the
formation of the hydroxyl radical (entry 2). 1,4-diazabicyclo-
[2.2.2]octane (DABCO), which can eliminate 1O2,

[31] only
inhibited the reaction to a certain extent (entry 3). In
contrast, the amount of 2a was greatly reduced when
benzoquinone (BQ) as an O2

*� inhibitor[10a] was used
(entry 4). Both ESR and quenching experiments showed
that O2

*� plays a more vital role than 1O2 in the photo-
mediated aerobic oxidation of amines. The surmised reason
is that the electron donors quench [PYTC+]* via SET
several orders of magnitude faster than 3O2 via EnT, which
is similar to the characteristic of TPT+.[11] Finally, the

Table 3: Scope of aerobic oxidative coupling of benzylamines.[a]

[a] Reaction conditions: benzylamine (0.2 mmol), Mn-PYTC+ (2 μmol,
0.01 equiv) in CH3CN (2 mL) irradiated with a 30 W 405 nm LED at
room temperature under air atmosphere. Yields were determined by
1H NMR spectroscopy by using mesitylene as an internal standard.
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decreased yields induced by TEMPO and BHT certified the
inclusion of radical processes (entries 5 and 6).[24]

According to the above investigations and reported
literatures, a plausible mechanism for aerobic oxidative
coupling of amines was proposed (Figure 3c). Initially, a
PET between excited [PYTC+]* and benzylamine gives a
cationic radical PhCH2NH2

*+ and a reducing species. A
subsequent LMCT from [PYTC]* to metal node MnII offers
MnI and regenerates PYTC+. MnI can effectively realise
molecular oxygen activation to achieve active O2

*� . After-
wards, the produced O2

*� abstracts a proton and a hydrogen
atom from PhCH2NH2

*+, affording the corresponding inter-
mediate imine. A cross-coupling between imine and another
benzylamine supplies the target product with removal of
ammonia.[27] Meanwhile, a small amount of product is
acquired through an EnT-induced 1O2 pathway that can
directly oxidise amines to imines.[32]

Photocatalysed oxidation of alcohols to the correspond-
ing carbonyl products has a great significance in the
pharmaceutical and commodity industries.[33] Traditional
catalytic protocols are mainly based on Ru and Pd species
with high temperature, leading to extra economic and
environmental burdens.[34] Enlightened by the desirable
property of Mn-PYTC+ for photoactivation of molecular
oxygen species, we extended the applicability of our plat-
form to the selective benzylic C(sp3)� H oxidation of alcohols
to aromatic carbonyl derivatives with O2 as the only oxidant.
Control experiments unfolded the necessity of light, catalyst,

and O2 (Table S8, entries 1–5). As shown in Table 4, Mn-
PYTC+ displayed good catalytic activities on the oxidation
of various primary and secondary benzylic alcohols under
mild reaction conditions with a broad substrate scope and
good functional-group tolerance (3a–3h). Stern–Volmer
quenching investigations revealed that benzyl alcohol is
qualified for quenching the emission of photoexcited
PYTC+ (Figures S34, S35). On the basis of experiments and
previous reports,[35] we concluded that the excited photo-
catalyst first oxidises benzyl alcohol to provide a cationic
radical intermediate, followed by hydrogen-atom abstraction
and deprotonation induced by a superoxide radical to
generate the carbonyl product (Figure S36).[6b] This aerobic
oxidation strategy could also be applied to the catalytic
synthesis of indole derivatives, which are important struc-
tural motifs in natural products and pharmaceuticals.[36]

Under an air atmosphere and with visible-light irradiation,
diverse N-substituted indoles with different functional
groups were achieved in high yields via oxidative dehydro-
genation of indolines catalysed by Mn-PYTC+ (Table 4, 3 i–
3 l).

Figure 3. a) ESR detection of 1O2 generation with Mn-PYTC+ trapped by
TEMP. b) ESR detection of O2

*� generation with Mn-PYTC+ trapped by
DMPO. c) Proposed mechanism for the photocatalytic molecular
oxygen activation and aerobic oxidative coupling of benzylamine
catalysed by Mn-PYTC+ : superoxide radical anion (electron transfer)
and singlet oxygen (energy transfer) pathways.

Table 4: Scope of oxidative dehydrogenation of alcohols and indolines.

[a] Reaction conditions: benzyl alcohol (0.1 mmol), Mn-PYTC+

(5 μmol, 0.05 equiv) in CH3CN (1 mL) irradiated with a 30 W 405 nm
LED at room temperature under air atmosphere for 24 h. Yields were
determined by 1H NMR spectroscopy by using 1,3,5-trimeth-
oxybenzene (0.05 mmol) as an internal standard. [b] Indoline
(0.1 mmol), Mn-PYTC+ (1 μmol, 0.01 equiv), Et3N (0.02 mmol,
0.2 equiv) in CH3CN (2 mL) irradiated with a 30 W 405 nm LED at
room temperature under air atmosphere for 1 h. Yields were
determined by 1H NMR spectroscopy by using 1,3,5-trimeth-
oxybenzene (0.05 mmol) as an internal standard.
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Conclusion

In summary, we have developed a novel photoredox MOP
platform assembled by TPT+-mimic ligands as organic
linkers and reductive metal ions as nodes, integrating photo-
induced electron transfer, ligand-to-metal charge transfer,
and molecular oxygen activation events for synergistic
catalysis. The desirable photocatalytic performances of Mn-
PYTC+ in synthesis, including α-amino C(sp3)� H arylation
and monofluoroalkenylation of amines via cleavage of C� F
or C� CN bonds, aerobic oxidative coupling of benzylamines,
and selective dehydrogenation oxidation of alcohols and
indolines, demonstrate that the spatial and kinetic confine-
ment effects of the structurally confined microenvironments
of MOPs result in an improvement in the efficiency of
continuous electron transfers and radical–radical couplings.
We believe that this work will provide inspiration for the
design of photocatalytic and enzymatic simulation tactics
with metal–organic supramolecular systems.
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