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Photocatalytic Water-Splitting Coupled with Alkanol
Oxidation for Selective N-alkylation Reactions over Carbon
Nitride
Yangsen Xu+,[a] Zhaofei Zhang+,[a] Chuntian Qiu,[a] Shaoqin Chen,[b] Xiang Ling,[a] and
Chenliang Su*[a]

Photocatalytic water splitting technology (PWST) enables the
direct use of water as appealing “liquid hydrogen source” for
transfer hydrogenation reactions. Currently, the development
of PWST-based transfer hydrogenations is still in an embry-
onic stage. Previous reports generally centered on the ration-
al utilization of the in situ generated H-source (electrons) for
hydrogenations, in which photogenerated holes were
quenched by sacrificial reagents. Herein, the fully-utilization
of the liquid H-source and holes during water splitting is
presented for photo-reductive N-alkylation of nitro-aromatic
compounds. In this integrate system, H-species in situ gen-
erated from water splitting were designed for nitroarenes
reduction to produce amines, while alkanols were oxidized
by holes for cascade alkylating of anilines as well as the
generated secondary amines. More than 50 examples
achieved with a broad range scope validate the universal
applicability of this mild and sustainable coupling approach.
The synthetic utility of this protocol was further demon-
strated by the synthesis of existing pharmaceuticals via
selective N-alkylation of amines. This strategy based on the
sustainable water splitting technology highlights a significant
and promising route for selective synthesis of valuable N-
alkylated fine chemicals and pharmaceuticals from nitro-
arenes and amines with water and alkanols.

Photocatalytic water splitting technology (PWST) offers a
direct and environmentally benign approach for renewable
H2 production.[1–4] Overall water splitting into hydrogen and
oxygen over semiconductors is a “Holy Grail” and a challeng-
ing task that is generally hampered by the sluggish O2-
producing half reaction. To achieve efficient photocatalytic

H2 evolution, most reports have been centered on accom-
plishing the half reaction by adding sacrificial electron
donors (such as CH3OH, triethanolamine, lactic acid, and
ascorbic acid) to scavenge the holes,[5–9] while in these cases,
the output values are generally less than the input values
(Figure 1a). Replacing the consumption of sacrificial agents
by valuable organic transformation is a promising approach
to address these issues by simultaneously H2 fuel evolution
coupled with production of value-added fine chemicals
(Figure 1b).[10–23] For examples, Kasap et al. reported a couple
solar H2 generation with concomitant selective oxidation of
benzylic alcohols to aldehydes over cyanamide surface
functionalized polymeric carbon nitride (PCN).[17] PCN could
be also designed to drive water splitting for H2 evolution and
simultaneously oxide the biomass derived 5-(hydroxymethyl)
furfural (HMF) to a more valued platform chemical, 2,5-
diformylfuran (DFF).[21] Reisner group developed an impres-
sive photo-reforming of nonrecyclable plastic waste [poly
(ethylene terephthalate) and poly(lactic acid)] to clean H2 fuel
and a variety of organic chemicals under alkaline aqueous
conditions.[22] Besides, rational utilization of the in situ gen-
erated active hydrogen species (i. e. adsorbed hydrogen, Had)
from water for transfer hydrogenation reactions towards
value-added fine chemicals and pharmaceuticals to increase
the output value is also highly desired (Figure 1c).[19,24] For
example, we and others recently demonstrated a series of
PWST-based transfer hydrogenations of olefins,[25,26]

alkynes[27,28] and halides[29–32] towards fine chemicals produc-
tion with water as the “liquid hydrogen source”. Generally, in
these PWST-based transfer hydrogenations, only “half story”,
photogenerated electrons, are involved in generating active
Had for transfer hydrogenations, whereas holes are quenched
by sacrificial agents, resulting in relatively limited application
ranges. Thus, it is highly attractive and desired to design
synergistic systems to fully-utilize the in situ generated H-
source (electrons) from water and holes for complex photo-
catalytic transformations towards value-added fine chemicals
and pharmaceuticals to further increase the output values
(Figure 1d).

Photocatalytic reduction of nitroaromatic compounds
towards anilines, azo- or azoxy-compounds have been ex-
plored over semiconductor photocatalysts or the supported
plasmonic metal nanoparticles.[33–35] For example, full reduc-
tion of nitroarenes for the synthesis of anilines has been
demonstrated by using inorganic semiconductor photocata-
lysts such as TiO2

[36] and CdS.[33,34] Interestingly, Su et al.
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reported a novel method for the controllable synthesis of a
series of azo- and azoxy-aromatic compounds from the
corresponding nitroarenes under visible light by using a PCN
photocatalyst.[37] Azobenzene has also been synthesized at
room temperature over Au-supported ZrO2 under UV light.[38]

In these reports, isopropanol, HCOONH4,
[34,39] and TEOA[35]

were generally the hydrogen source for the photocatalytic
transfer hydrogenations of nitroaromatic compounds. How-
ever, the direct use of water as the most sustainable H-donor
for photocatalytic reduction of nitroaromatic compounds
remains rarely explored. To further include the function of
the photoexcited holes, photoredox centers induced photo-
cooperative reduction of nitroaromatic compounds followed
by coupling reactions which could be designed and devel-
oped towards valuable fine chemicals.

To this end, herein, selective N-alkylation of nitroaromatic
compounds with water and alkanols are designed over

visible-light-active K+ inserted polymeric carbon nitride
(KPCN) semiconductors.[40] In the integrated system, photo-
excited electrons are utilized to reduce water to furnish
active H-species for hydrogenation of nitroarenes to the
corresponding anilines, while photoexcited holes are pro-
posed to oxidize alkanols to furnish aldehyde intermediates.
The sequential condensation of anilines and aldehydes
followed by hydrogenation produces N-alkyl amines, which
are widespread in a series of bioactive compounds as well as
pharmaceutical derivatives.[41–43] Control experiments with or
without water, as well as the deuterium-labeling experi-
ments, have attested to the significant role of water in N-
alkylation of nitroarenes. Importantly, selective mono-alkyla-
tion and di-alkylation of nitroarenes have been effectively
demonstrated by fine-tuning the reaction time and alkylating
reagents. Selective N-alkylation of amines for the synthesis of
existing pharmaceuticals is also well-presented. In total, the

Figure 1. Representations of semiconductor-based photoredox catalytic reaction modes based on water splitting and the corresponding energy efficiency.
(a) Water splitting; (b) hydrogenation of chemicals; (c) H2 evolution and oxidation of chemicals; (d) integration of oxidation and reduction by water splitting.
SA: Sacrificial agent. (e) Band-gap energies and relative band positions of different semiconductors relative to the water oxidation/reduction potential (vs.
NHE). (f) H2 evolution rate from water over various materials with ~1 wt% Pd as co-catalyst in 10% TEOA solution. (g) N,N-dimethylation of 4-nitrotoluene over
different catalysts under visible light (420 nm LED) by water splitting at 20 °C. (h) The yield of N,N-dimethyl-4-methylaniline over KPCN achieved by the
coupling photocatalytic redox process. (i) Time-dependent p-nitrotoluene photoconversion and the corresponding products over 3 wt% Pd/KPCN.

ChemSusChem
Communications
doi.org/10.1002/cssc.202002459

2ChemSusChem 2020, 13, 1–9 www.chemsuschem.org © 2020 Wiley-VCH GmbH

These are not the final page numbers! ��

Wiley VCH Freitag, 27.11.2020

2099 / 187057 [S. 2/9] 1

https://doi.org/10.1002/cssc.202002459


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

water-splitting based synergistic strategy highlighted by
broad reaction scope, excellent functional group tolerance,
high yield and selectivity, and scalability is therefore a
promising alternative to conventional N-alkylation processes.

First, the visible-light-response semiconductors such as
PCN, KPCN, CdS, etc. with sufficient reduction potential for
water reduction were chosen as the photoredox catalysts
(the preparation procedures and corresponding character-
ization details are provided in the Supplemental Experimen-
tal section and Figures S1–S8) (Figure 1e). As shown in
Figure 1f, under visible light illumination, both CdS and KPCN
enabled high H2 evolution activities in the presence of
sacrificial reagents. Low H2 was produced over ZnS (~3.4 eV)
and TiO2 (~3.2 eV) due to their limited absorption of visible
light. With these initial results, photoredox centers coopera-
tive catalytic water-splitting coupled with methanol oxida-
tion for selective N-methylation of nitrobenzene is evaluated
(Figure 1g). The reaction was performed under visible light
(420 nm LED) with 0.4 mmol of nitrobenzene, methanol and
H2O (1.5 ml/1.5 ml) and 0.3 mmol of AlCl3 as the acidic
additive over Pd (1 wt%)/semiconductors. Among a variety of
semiconductors, KPCN was screened out as the most active
material to effectively drive the cascade di-alkylation of
nitrobenzene to produce N,N-dimethyl-4-methylaniline (Fig-
ure 1h). CH3CN has been demonstrated as the best solvent
compared with DMF and ethylacetate (EA) (more details can
be found in Table S1). The different loading of Pd cocatalyst
(1 wt%, 3 wt%, 5 wt%) has little impact on the reactivity and
selectivity. Interestingly, the control experiment without
water showed a remarkably decreased yield from 94% to
19%, attesting to the significant role of water in this N-
methylation reaction. Time-dependent experiments were
carried out with the optimized conditions. As shown in
Figure 1i, the p-nitrotoluene was exhausted gradually, along
with the formation of a mono-methylation product at the
initial period (0–12 h), which could undergo another meth-
ylation step by prolonging the reaction time to produce N,N-
dimethyl 4-methylaniline with excellent yields.

To evaluate the generality of our proposal, various nitro
compounds and alcohols were tested under optimized
conditions as shown in Scheme 1. Initially, the di-alkylation of
different substituted nitroarenes with methanol was ex-
plored. Reactions of nitroarenes bearing electron-donating
groups (p� Me, p� OMe) or electron-withdrawing groups
(p� CN, p� F, p� Cl) proceeded smoothly with methanol to
afford the desired N,N-dimethylated anilines in good to
excellent yields (61–94% yields) (2aa-2ak). In particular,
sterically hindered ortho-substituted substrates were also
active (2ag-2ai), giving the corresponding products with
excellent yields. Besides, substrates with a series of function-
alities such as aryl fluoride (2ab), chloride (2ac, 2af, 2ah),
nitrile (2ag), carbonyl (2aj) and sulfhydryl (2ak) substituents
were well-tolerated. This protocol was also applicable for the
synthesis of heteroaromatic dimethylanilines (2al-2am),
which are important substructures in bioactive molecules,
agrochemicals and advanced materials. For example, 4-
dimethylaminopyridine (DMAP, 2am), a useful nucleophilic

catalyst for a variety of reactions was obtained in 86% yield.
Derivatives of tocopherol (product 2an), L-menthol (product
2ao), indomethacin (product 2ap), adamantane (product 2aq)
and mefenamate (product 2ar) underwent reductive di-meth-
ylation in good to excellent yields. To extend the applicability
of this methodology, N,N-di-methylation of a variety of
biologically active molecules with nitro moieties was inves-
tigated. For example, di-methylation of nimesulide (a non-
steroidal anti-inflammatory drug, 2as)[44] and flutamide (2at)
proceeded smoothly in good to excellent yields (78% and
90% yields) without affecting the amide and sulfamine
functionalities. Gram scale synthesis of 2at proved the good
practical utility of our protocol. A rhodamine derivative
(2 au), which is widely used as a fluorescent probe, was
successfully obtained in good yield. Next, we explored the
possibility of applying different alkanols as the alkylation
partner. To our delight, this strategy could be well-extended
by using ethanol as the alkylation reagent, affording the di-
ethylated anilines (2ba–2bd) in good yields. Interestingly,
when applying this strategy to substituted benzyl alcohols,
mono-alkylated products were obtained in acceptable yields
with high selectivity (2ca–2cd). Finally, aliphatic nitro com-
pounds were also tested, but unfortunately these substrates
cannot function in this system.

On the basis of these obtained results, we are interested
in exploring the applicability of mono-methylation of nitro-
arenes. To this end, stepwise N-methylation of flutamide was
investigated in greater detail (Scheme 2A). By controlling the
reaction time, flutamide-NH2 (3aa), flutamide-NHMe (3ab)
and flutamide-N(Me)2 (2at) were successfully obtained, which
was very helpful to understand the reaction process as well
as the mechanism. With these stepwise results, the generality
of a mono-alkylation protocol was studied. As shown in
Scheme 2B, several nitroarenes were subjected to the opti-
mized conditions with carefully controlled reaction time,
which smoothly afforded the N� Me and N� Et anilines in 45–
81% yields.

N-alkylation is an important tool to regulate the biological
and pharmaceutical activities of life science molecules,
especially, N-alkylation reactions are of significance in the
synthesis of existing pharmaceuticals that belong to the 200
top selling drugs. Since our photocatalytic protocol is also
applicable to N-alkylation of amines from the stepwise
results, a variety of important bioactive or pharmaceutical-
related secondary amines were examined by utilizing this
mild strategy. First, late-stage functionalization of pharma-
ceutical amines was evaluated (Scheme 2C). Methylation of
vortioxetine and paroxetine, ethylation of paroxetine and
atomoxetine and benzylation of fluoxetine (3ca-3ce) all
proceeded smoothly in good to excellent yields without
affecting the core structures of the pharmaceutical mole-
cules. Acyclic amines, piperazine and piperidine rings all
worked well. Furthermore, our process could enable access
to several important pharmaceutical amines in a single step
with high efficiency and selectivity. For example, Benadryl
(3cf), an antihistamine, was prepared in 88% yield in a
straightforward manner. Loxapine (3cg), an antipsychotic
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drug, was successfully synthesized from its metabolite
amoxapine. This process was also effective in the synthesis of
alverine (3ch) by using ethanol as the coupling partner.
Moreover, piperazine derivatives were treated with the
corresponding benzyl alcohols to produce 1-(3,4-meth-
ylenedioxybenzyl)piperazine (MDBZP, 3ci), piribedil (3cj) and
budizine (3ck) in good yields, which further demonstrated
the excellent applicability of our photocatalytic coupling
method.

To shed more light on the mechanism, the bandgap
structures of the semiconductor photocatalysts were exam-
ined to understand their photoredox potentials from the
viewpoint of thermodynamics. From Mott-Schottky exper-
imentation, the lowest unoccupied molecular orbital (LOMO)
of KPCN is identified as � 1.05 V, more negative than the
reduction potential of H+/H2 (Figure 2a). The highest occu-
pied molecular orbital (HOMO) of KPCN is more positive than

those of the utilized alkanols (i. e. methanol, ethanol and
benzyl alcohol, Figure 2c). To determine whether the in situ
formed active hydrogen species ([H] or Had) from water
splitting could be observed, 2,2,6,6-tetramethyl-l-piperidine-
N-oxyl (TEMPO)-trapping experiments were performed by
electron spin resonance (ESR). As shown in Figure 2b, the
characteristic triplet TEMPO peaks with intensity of 1 : 1 : 1
were observed in both KPCN and Pd/KPCN systems. The
intensity of those peaks decreased dramatically over Pd/
KPCN under visible light irradiation for 10 min, indicating the
reduction of TEMPO by [H] to form the corresponding
hydroxylamine (TEMPOH), which is consistent with the
reported literature.[45,46] In the bare KPCN system, no changes
were observed, suggesting the necessity of co-catalyst Pd
nanoparticles to accelerate the reduction of water (as
confirmed by the obvious quenched PL peaks on Pd/KPCN in
Figure S5) and trap the [H]. Isotope-labeling experiments

Scheme 1. Substrate scope in the integrated selective N-alkylation of nitroarenes over Pd/KPCN catalyst based on PWST. Reaction conditions: 0.4 mmol
nitroarene, 25 mg of Pd/KPCN, 0.3 mmol AlCl3, 2 mL Acetonitrile, 1.5 mL H2O, ROH (1.5 mL MeOH or 1.5 mL EtOH or 40 equiv. ArCH2OH), Blue LEDs, 20 W, rt.
Isolated yields. A: ROH=MeOH; B: ROH=EtOH; C: R=ArCH2OH.
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were performed to understand the roles of water and
methanol in greater detail. As displayed in Figure 2d, using
the H2O/CD3OD as combined methylating reagent, the
N� CD2H unit was introduced in good yield with high D-
content. This result pinpointed that 4-nitroanisole was
reduced to 4-anisidine, which coupled with [D2C=O] from
isotopic methanol to produce imine intermediate, which was
sequentially reduced by [H] species from water splitting,
giving N,N� di� CD2H-anisidine. Consistently, when using the
D2O/CH3OD, N,N� di� CH2D-anisidine was obtained.

On the basis of these results, the probable mechanism
was proposed as shown in Figure 2e. Nitroarenes are firstly

reduced by the in situ generated [H] from water splitting to
produce anilines. Simultaneously, alkanols are oxidized by
photogenerated holes to produce aldehydes. Then, aldimine
condensation occurs to produce imine intermediates, which
undergo Pd-catalytic hydrogenation by [H] to furnish the
secondary amines. The secondary amines could undergo
another aldimine condensation with aldehydes generated
from alkanols oxidations by holes, furnishing iminium ions,
which undergo Pd-catalytic hydrogenation with [H] to
produce the tertiary amines. The stepwise N-alkylation of
nitrobenzene (Figure S9), N-alkylation of secondary amines

Scheme 2. A. Stepwise selective methylation in Flutamide (i, ii, iii). (i) Reaction time: 4 h. (ii) Reaction time: 11.5 h. (iii) Reaction time: 18 h. B. Selectivity
towards mono-methylation or ethylation. C. Preparation of N-alkyl drugs. Reaction conditions: 0.4 mmol nitroarenes or amines, 25 mg of Pd/KPCN, 0.3 mmol
AlCl3, 2 mL Acetonitrile, 1.5 mL H2O, ROH (1.5 mL MeOH or 1.5 mL EtOH or 40 equiv. ArCH2OH), Blue LEDs, 20 W, rt. Isolated yields.
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(Scheme 2B) and isotopic experiments (Figure 2d) clearly
verified the proposed mechanism.

In conclusion, semiconductor photoredox catalytic selec-
tive N-alkylation of nitroarenes and amines with water and
alkanols was successfully achieved under by synergistic
utilization of the photogenerated redox centers over KPCN.
With this system, water could serve as the green “liquid
hydrogen source” via photoexcited electron-induced reduc-
tion; alkanols could serve as green precursors of aldehydes
synthesized by photoexcited holes-induced oxidation. This
strategy presents a clear “whole story” of photocatalytic
water splitting-based organic transformations for photosyn-
thesis of high-valued N-alkyl fine chemicals and pharmaceut-
icals from nitroarenes or secondary amines with high
selectivity, good functional group tolerance, wide reaction

scope and mild conditions. We can imagine that photo-
catalytic water splitting simultaneously coupled with organic
oxidations in a closed system will offer great potential in
large scale artificial photosynthesis of valuable products with
water and organics in the near future.

Experimental Section

Preparation of Pd/KPCN catalysts

The employed KPCN semiconductor was synthesized following our
previous work.[40] Typically, melamine (3.0 g, Alfa Aesar) was ground
with KCl (2.25 g, Alfa Aesar) in 2 mL EtOH in an agate mortar. The
dry mixture was heated to 580 °C for 3.5 h with the rate of
3.3 Kmin� 1 in a tube furnace in an air atmosphere. The yellow

Figure 2. Mechanisms of photocatalytic N-alkylation of nitro-compounds: (a) Mott-Schottky plots of KPCN obtained in 0.5 M Na2SO4 aqueous solution. (b) ESR
spectra of detecting photoexcited electrons in an aqueous solution of KPCN and Pd/KPCN under visible light irradiation, with the mechanism of trapping
TEMPO radicals shown on the right. (c) Energy diagram of the conduction and valence bands of KPCN and redox potentials of relevant reactions. (d)
Mechanistic analysis by photocatalytic deuteration of nitro compounds. (e) Schematic representation of a closed redox system for solar-driven simultaneous
proton reduction, alcohol oxidation and N-alkylation of nitro-compounds in CH3CN solution.
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product was washed with boiling deionized water, followed by
drying at 70 °C under vacuum. Pd/KPCN (Pd=1.0, 3.0, 5.0 wt%)
catalysts were prepared by photoreduction of H2PdCl4. Briefly, the
as-synthesized KPCN (0.4 g) was dispersed in a mix solution with
100 mL deionized water and 30 mL glycol. After untrasonication
treatment for 2 h, 112 μL of 1.0 m H2PdCl4 was added into the
mixture, then the mixture was illuminated under 300 W Xe lamp
illumination for 1 h under anoxic quartz bottle to reduce Pd2+. The
gray slurry was centrifuged and washed with deionized water, and
finally dried in an oven at 70 °C overnight.

Photocatalytic H2 evolution

The photocatalytic water splitting was carried out in a Pyrex flask
reactor (Labsolar VIAG, Perfectlight Technology Co., Ltd., Beijing,
China) via top-irradiation with a 300 W Xenon lamp (XE300 C) under
visible light (420 nm�λ�780 nm) or UV-vis light (250 nm�λ�
780 nm). The reaction system was controlled at 10 °C by the
circulated water. For each experiment, 30 mg photocatalyst was
suspended in an aqueous solution containing 10 vol % TEOA
solution. Pt cocatalyst (~1.0 wt%) was in situ loaded on the
photocatalyst by photo-deposition of H2PtCl6. The produced gas
was quantified online using a gas chromatograph (Fuli 9890II,
Zhejiang) equipped with a thermal conductivity detector (TCD)
detector with argon as the carrier gas.

General procedure for the photo-catalyzed N-alkylation
reaction

25 mg of Pd/KPCN and 0.4 mmol of nitroarenes and AlCl3
(0.3 mmol) were dispersed in a mixture solution with CH3CN/H2O=

2 mL/1.5 mL and ROH (1.5 mL MeOH or 1.5 mL EtOH or 40 equiv.
ArCH2OH). Then the reaction mixture was irradiated with a LED
lamp (20 W, λ=420 nm,) and stirred at room temperature until the
full consumption of the substrates (typically 12 h–48 h). The
mixture was filtered to remove photocatalyst. The supernatant was
extracted by adding 5 mL of CH2Cl2. The reaction mixture was
concentrated under reduced pressure and the residue was purified
by column chromatography on silica gel to furnish the correspond-
ing product.

Gram scale synthesis of Flutamide-NMe2 (2at)

250 mg of Pd/KPCN, 5.0 mmol of Flutamide and AlCl3 (3 mmol)
were dispersed in a mixture solution with Acetonitrile/MeOH/H2O=

20 mL/15 mL/15 mL, and then sonicated for 10 min. The reaction
mixture was then irradiated with a LED lamp (20 W, λ=420 nm) for
36 h under Argon at 20 °C by using a flow of cooling water during
the reaction. After reaction, the mixture was centrifuged to remove
photocatalyst. The supernatant was extracted by adding 50 mL of
CH2Cl2. The reaction mixture was concentrated under reduced
pressure and the residue was purified by column chromatography
on silica gel to furnish the Flutamide-NMe2 (2at) (1.2 g, 88%).

Acknowledgements

This work has been supported by the National Natural Science
Foundation of China (21972094, 21902105, 21401190), China
Postdoctoral Science Foundation (2019M653004), Guangdong
Special Support Program, Pengcheng Scholar Program, Shenzhen
Innovation Program (JCYJ20170818142642395,
JCYJ20190808142001745), and Foundation for Distinguished

Young Talents in Higher Education of Guangdong
(2018KQNCX221).

Conflict of Interest

The authors declare no conflict of interest.

Keywords: alkanol oxidation · carbon nitride · N-alkylation
reaction · photocatalysis · water splitting

[1] Y. Tachibana, L. Vayssieres, J. R. Durrant, Nat. Photonics 2012, 6, 511.
[2] Q. Wang, K. Domen, Chem. Rev. 2020, 120, 919.
[3] G. Liu, Y. Sheng, J. W. Ager, M. Kraft, R. Xu, EnergyChem 2019, 1, 100014.
[4] Y. Zhao, C. Ding, J. Zhu, W. Qin, X. Tao, F. Fan, R. Li, C. Li, Angew. Chem.

Int. Ed. 2020, 59, 9653; Angew. Chem. 2020, 132, 9740.
[5] T. Kawai, T. Sakata, J. Chem. Soc. Chem. Commun. 1980, 694.
[6] H. Ahmad, S. K. Kamarudin, L. J. Minggu, M. Kassim, Renewable

Sustainable Energy Rev. 2015, 43, 599.
[7] A. S. Hainer, J. S. Hodgins, V. Sandre, M. Vallieres, A. E. Lanterna, J. C.

Scaiano, ACS Energy Lett. 2018, 3, 542.
[8] Y. S. Xu, H. F. Lin, L. P. Li, X. S. Huang, G. S. Li, J. Mater. Chem. A 2015, 3,

22361.
[9] M. Melchionna, P. Fornasiero, ACS Catal. 2020, 10, 5493.

[10] Q. Y. Meng, J. J. Zhong, Q. Liu, X. W. Gao, H. H. Zhang, T. Lei, Z. J. Li, K.
Feng, B. Chen, C. H. Tung, L. Z. Wu, J. Am. Chem. Soc. 2013, 135, 19052.

[11] Y. W. Zheng, B. Chen, P. Ye, K. Feng, W. G. Wang, Q. Y. Meng, L. Z. Wu,
C. H. Tung, J. Am. Chem. Soc. 2016, 138, 10080.

[12] S. Kampouri, K. C. Stylianou, ACS Catal. 2019, 9, 4247.
[13] A. Savateev, M. Antonietti, ChemCatChem 2019, 11, 6166.
[14] S. Xie, Z. Shen, J. Deng, P. Guo, Q. Zhang, H. Zhang, C. Ma, Z. Jiang, J.

Cheng, D. H. Deng, Y. Wang, Nat. Commun. 2018, 9, 1181.
[15] J. D. Xiao, Q. Shang, Y. Xiong, Q. Zhang, Y. Luo, S. H. Yu, H. L. Jiang,

Angew. Chem. Int. Ed. 2016, 55, 9389; Angew. Chem. 2016, 128, 9535.
[16] B. Q. Xia, Y. Z. Zhang, B. Y. Shi, J. R. Ran, K. Davey, S. Z. Qiao, Small

Methods 2020, 4, 2000063.
[17] H. Kasap, C. A. Caputo, B. C. M. Martindale, R. Godin, V. W. H. Lau, B. V.

Lotsch, J. R. Durrant, E. Reisner, J. Am. Chem. Soc. 2016, 138, 9183.
[18] Q. Lin, Y. H. Li, M. Y. Qi, J. Y. Li, Z. R. Tang, M. Anpo, Y. M. A. Yamada, Y. J.

Xu, Appl. Catal. B. 2020, 271, 118946.
[19] C. H. Han, L. Du, M. Konarova, D. C. Qi, D. L. Phillips, J. S. Xu, ACS Catal.

2020, 10, 9227.
[20] W. Ou, Y. S. Xu, H. W. Zhou, C. L. Su, Solar RRL 2020, DOI:10.1002/

solr.202000444.
[21] V. R. Battula, A. Jaryal, K. Kailasam, J. Mater. Chem. A 2019, 7, 5643.
[22] T. Uekert, H. Kasap, E. Reisner, J. Am. Chem. Soc. 2019, 141, 15201.
[23] R. S. D. Ribeiro, L. E. M. Ferreira, V. Rossa, C. G. S. Lima, M. W. Paixao, R. S.

Varma, T. D. Lima, ChemSusChem 2020, 13, 3992.
[24] B. Zhang, C. Qiu, S. Wang, H. Gao, K. Yu, Z. Zhang, X. Ling, W. Ou, C. L.

Su, Sci. Bull. 2020, DOI: https://doi.org/10.1016/j.scib.2020.09.016.
[25] X. Fan, Y. L. Yao, Y. S. Xu, L. Yu, C. T. Qiu, ChemCatChem 2019, 11, 2596.
[26] Y. S. Xu, C. T. Qiu, X. Fan, Y. H. Xiao, G. Q. Zhang, K. Y. Yu, H. X. Ju, X.

Ling, Y. F. Zhu, C. L. Su, Appl. Catal. B 2020, 268, 118457.
[27] M. Q. Li, N. Zhang, R. Long, W. Ye, C. M. Wang, Y. J. Xiong, Small 2017,

13, 1604173.
[28] J. Lian, Y. Chai, Y. Qi, X. Guo, N. Guan, L. D. Li, F. X. Zhang, Chin. J. Catal.

2020, 41, 598.
[29] C. B. Liu, Z. X. Chen, C. L. Su, X. X. Zhao, Q. Gao, G. H. Ning, H. Zhu, W.

Tang, K. Leng, W. Fu, B. B. Tian, X. W. Peng, J. Li, Q. H. Xu, W. Zhou, K. P.
Loh, Nat. Commun. 2018, 9, 80.

[30] C. T. Qiu, Y. S. Xu, X. Fan, D. Xu, R. Tandiana, X. Ling, Y. Jiang, C. Liu, L.
Yu, W. Chen, C. L. Su, Adv. Sci. 2019, 6, 1801403.

[31] Z. F. Zhang, C. T. Qiu, Y. S. Xu, Q. Han, J. W. Tang, K. P. Loh, C. L. Su, Nat.
Commun. 2020, 11, 4722.

[32] X. Ling, Y. S. Xu, S. P. Wu, M. F. Liu, P. Yang, C. T. Qiu, G. Q. Zhang, H. W.
Zhou, C. L. Su, Sci. China Chem. 2020, 63, 386.

[33] B. W. Zhou, J. L. Song, T. B. Wu, H. Z. Liu, C. Xie, G. Y. Yang, B. X. Han,
Green Chem. 2016, 18, 3852.

[34] C. Han, Q. Quan, H. M. Chen, Y. G. Sun, Y. J. Xu, Small 2017, 13, 1602947.

ChemSusChem
Communications
doi.org/10.1002/cssc.202002459

7ChemSusChem 2020, 13, 1–9 www.chemsuschem.org © 2020 Wiley-VCH GmbH

These are not the final page numbers! ��

Wiley VCH Freitag, 27.11.2020

2099 / 187057 [S. 7/9] 1

https://doi.org/10.1038/nphoton.2012.175
https://doi.org/10.1021/acs.chemrev.9b00201
https://doi.org/10.1016/j.enchem.2019.100014
https://doi.org/10.1002/anie.202001438
https://doi.org/10.1002/anie.202001438
https://doi.org/10.1002/ange.202001438
https://doi.org/10.1039/c39800000694
https://doi.org/10.1016/j.rser.2014.10.101
https://doi.org/10.1016/j.rser.2014.10.101
https://doi.org/10.1021/acsenergylett.8b00152
https://doi.org/10.1039/C5TA05953D
https://doi.org/10.1039/C5TA05953D
https://doi.org/10.1021/acscatal.0c01204
https://doi.org/10.1021/ja408486v
https://doi.org/10.1021/jacs.6b05498
https://doi.org/10.1021/acscatal.9b00332
https://doi.org/10.1002/cctc.201901076
https://doi.org/10.1002/anie.201603990
https://doi.org/10.1002/ange.201603990
https://doi.org/10.1002/smtd.202000063
https://doi.org/10.1002/smtd.202000063
https://doi.org/10.1021/jacs.6b04325
https://doi.org/10.1016/j.apcatb.2020.118946
https://doi.org/10.1021/acscatal.0c01932
https://doi.org/10.1021/acscatal.0c01932
https://doi.org/10.1039/C8TA10926E
https://doi.org/10.1021/jacs.9b06872
https://doi.org/10.1002/cctc.201900262
https://doi.org/10.1016/j.apcatb.2019.118457
https://doi.org/10.1002/smll.201604173
https://doi.org/10.1002/smll.201604173
https://doi.org/10.1016/S1872-2067(19)63453-4
https://doi.org/10.1016/S1872-2067(19)63453-4
https://doi.org/10.1002/advs.201801403
https://doi.org/10.1007/s11426-019-9672-8
https://doi.org/10.1039/C6GC00943C
https://doi.org/10.1002/smll.201602947
https://doi.org/10.1039/C3GC42042F


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

[35] X. J. Yang, B. Chen, L. Q. Zheng, L. Z. Wu, C. H. Tung, Green Chem. 2014,
16, 1082.

[36] Y. Shiraishi, Y. Togawa, D. Tsukamoto, S. Tanaka, T. Hirai, ACS Catal.
2012, 2, 2475.

[37] Y. T. Dai, C. Li, Y. B. Shen, T. B. Lim, J. Xu, Y. W. Li, H. Niemantsverdriet, F.
Besenbacher, N. Lock, R. Su, Nat. Commun. 2018, 9, 60.

[38] H. Y. Zhu, X. B. Ke, X. Z. Yang, S. Sarina, H. W. Liu, Angew. Chem. Int. Ed.
2010, 49, 9657; Angew. Chem. 2010, 122, 9851.

[39] Y. J. Song, H. Wang, Z. T. Wang, B. B. Guo, K. G. Jing, Y. J. Li, L. Wu, ACS
Catal. 2018, 8, 9656.

[40] Y. S. Xu, X. He, H. Zhong, D. J. Singh, L. J. Zhang, R. H. Wang, Appl. Catal.
B. 2019, 246, 349.

[41] J. Han, J. Xie, Chem 2020, 6, 1053.
[42] D. C. Blakemore, L. Castro, I. Churcher, D. C. Rees, A. W. Thomas, D. M.

Wilson, A. Wood, Nat. Chem. 2018, 10, 383.

[43] R. Kumar, N. J. Flodén, W. G. Whitehurst, M. J. Gaunt, Nature 2020, 581,
415.

[44] G. Traversa, C. Bianchi, R. D. Cas, I. Abraha, F. Menniti-Ippolito, M.
Venegoni, BMJ 2003, 327, 18.

[45] Y. Y. Liu, Z. H. Xiang, ACS Appl. Mater. Interfaces 2019, 11, 41313.
[46] C. X. Zhao, Z. P. Chen, J. S. Xu, Q. Liu, H. Xu, H. Tang, G. S. Li, Y. Jiang,

F. Q. Qu, Z. X. Lin, X. F. Yang, Appl. Catal. B 2019, 256, 117867.

Manuscript received: October 20, 2020
Revised manuscript received: November 15, 2020
Accepted manuscript online: November 21, 2020
Version of record online: ■■■, ■■■■

ChemSusChem
Communications
doi.org/10.1002/cssc.202002459

8ChemSusChem 2020, 13, 1–9 www.chemsuschem.org © 2020 Wiley-VCH GmbH

These are not the final page numbers! ��

Wiley VCH Freitag, 27.11.2020

2099 / 187057 [S. 8/9] 1

https://doi.org/10.1039/C3GC42042F
https://doi.org/10.1039/C3GC42042F
https://doi.org/10.1021/cs300500p
https://doi.org/10.1021/cs300500p
https://doi.org/10.1002/anie.201003908
https://doi.org/10.1002/anie.201003908
https://doi.org/10.1002/ange.201003908
https://doi.org/10.1021/acscatal.8b02662
https://doi.org/10.1021/acscatal.8b02662
https://doi.org/10.1016/j.apcatb.2019.01.069
https://doi.org/10.1016/j.apcatb.2019.01.069
https://doi.org/10.1016/j.chempr.2020.04.017
https://doi.org/10.1038/s41557-018-0021-z
https://doi.org/10.1038/s41586-020-2213-0
https://doi.org/10.1038/s41586-020-2213-0
https://doi.org/10.1136/bmj.327.7405.18
https://doi.org/10.1021/acsami.9b13540
https://doi.org/10.1016/j.apcatb.2019.117867
https://doi.org/10.1016/j.apcatb.2019.117867


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

COMMUNICATIONS

Nothing left to waste: Full utilization
of the liquid H-source and holes
during water splitting was realized
for selective N-alkylation of nitro-
aromatic compounds, including
pharmaceuticals, under visible light
with high selectivity, good functional
group tolerance, and wide reaction
scope.

Y. Xu, Z. Zhang, C. Qiu, S. Chen, X.
Ling, Prof. C. Su*

1 – 9

Photocatalytic Water-Splitting
Coupled with Alkanol Oxidation for
Selective N-alkylation Reactions
over Carbon Nitride

Wiley VCH Freitag, 27.11.2020

2099 / 187057 [S. 9/9] 1


