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Atomically Dispersed Zn-Nx Sites in N-Doped Carbon for
Reductive N-formylation of Nitroarenes with Formic Acid

Jinlei Li,®¥ Cunyao Li,® Siquan Feng, Ziang Zhao,® Hejun Zhu, and Yunijie Ding *@&P!

Dedication ((optional))

Abstract: Replacement of noble metal catalysts with low-cost, non-
noble heterogeneous catalysts is highly desirable. Herein, we
prepared a reactive, inexpensive and stable isolated single-atom
Zn/N-doped porous carbon (ZnNC) catalyst derived from a versatile
zeolitic imidazolate framework precursor. The optimized ZnNC-1000
with Zn-Ny species possesses high zinc loading (5.2 wt%) and
nitrogen content (6.73%), exhibits efficient catalytic performance in
the one-pot N-formylation of nitroarene to the corresponding
formamides by using formic acid as the hydrogen donor and
formylation agent. H,-D, exchange reaction and HCOOH-
chemisorption experiments demonstrated that atomically dispersed
Zn-Nx species are essential for the activation of hydrogen and
HCOOH molecules, which finally contributed to the highest catalytic
activity of ZnNC-1000 for the reductive N-formylation reaction.

Catalytic hydrogenation is a fundamental process in the fine
chemical industry.! The most of traditional heterogeneous
hydrogenation catalysts are based on expensive and rare
transition noble metals, such as Pd, Au, Ru, Pt, etc. However,
high cost and scarcity of these metals require the development of
efficient alternative earth-abundant non-noble metal-based
catalysts. In recent years, N-doped carbon supported metal
catalysts (such as Fe, Co and Ni, etc.) have attractive
considerable attention in hydrogenation reaction due to their
excellent activity and chemoselectivity.”l These materials usually
prepared by the carbonization of metal-organic-frameworks
(MOFs) or organometallic complex.B! There is a general
agreement that both metallic species and nitrogen of the catalysts
play an important role in enhancing the catalytic performance.
While, the active sites for the hydrogenation reaction are still
controversial due to the heterogeneity of the metallic species
(accessible and inaccessible nanoparticles encapsulated by
graphite shells, single atoms coordinated with nitrogen (M-Ny),
etc), which will greatly hinder the development of highly active and
durable catalysts.

Formic acid (FA) with considerable hydrogen content (4.4 wt %),
is an excellent alternative to H,.1*! More importantly, FA can be
easily obtained from biomass in high yields.! Therefore, FA is an
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economical and easy-to-handle liquid hydrogen donor. In addition,
formic acid and its derivatives can also be used as the formylating
reagents in the N-formylation of anilines.! Some of these
processes could proceeded under mild reaction conditions. To
date, however, only fewer non-noble (Fe, Co and Ni) metal
catalysts have been used in the reductive N-formylation reaction
of nitroarenes by using FA or formate as the hydrogen source and
formylation reagents.Il On the other hand, although the catalytic
reductive N-formylation of anilines over transition metal oxide by
using CO; as a carbonyl source has been well demonstrated,®!
these processes usually require noble metals under harsh
reaction conditions. Moreover, the aryl amines used as starting
materials are usually prepared by the reduction of nitroarenes
over transition metals under a high pressure of hydrogen.
Therefore, it is highly desirable to develop an alternative base
metal catalyst for the reductive N-formylation reaction directly
from readily available nitroarenes.

Zinc is a promising material owing to the abundant reserves and
non-toxic character. However, zinc was usually used as the
modifier to improve the selectivity or combined with other
transition metals served as the efficient hydrogenation catalyst
and zinc oxide alone was only active for the hydrogenation of
C=C/C=C bonds."! Herein, we report an atomically dispersed zinc
catalyst (ZnNC) with Zn-Ny active sites derived from zeolitic
imidazolate framework precursor (ZIF-8) for the reductive N-
formylation of nitroarenes to formamides by using FA as the
hydrogen source and formylation agent. The optimal catalyst
ZnNC-1000 displayed efficient catalytic performance, good
stability and well substrate scope in the reductive N-formylation of
nitroarenes to formamides. For comparison, the controlled
samples ZnO, Zn@C and N-C were almost inactive for the
reductive N-formylation of nitroarenes. In addition, Hz-D-
exchange reaction and HCOOH chemisorption experiments
demonstrated that atomically dispersed zinc and uniform nitrogen
sites contribute significant role to the efficient catalytic
performance.

The ZnNC samples were prepared by directly pyrolyzed the
synthesized ZIF-8 nanoparticles at desired temperatures (Figure
S1 and S2). Then the obtained samples were denoted as ZnNC-
T (T=800, 900, 1000 and 1100 °C). The morphologies and
microstructures of ZnNC-T samples were first characterized by
transmission electron microscopy (TEM). The ZnNC-T (-800, 900,
and 1000) samples exhibited a three-dimensional (3D) cellular
structure (Figure la and S3), which was totally different from the
ZIF-8 precursor with dodecahedral structure. While the ZnNC-
1100 displayed nonporous structure due to the evaporation of Zn
at high thermal annealing temperature (Figure S4).1% The
absence of Zn particles in the high-resolution TEM (HRTEM)
image indicated the Zn was atomically dispersed throughout
ZnNC-1000 (Figure 1b). And the atomically dispersed single zinc
atoms were further identified by isolated bright dots detected by
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the aberration-corrected high-angle annular dark-field scanning
transmission electron microscope (HAADF-STEM) (Figure 1c). In
addition, the elemental mappings and energy dispersive X-ray
spectrometer (EDS) indicated that C, N and Zn elements were
uniformly distributed throughout the entire framework. (Figure 1d
and Figure S5).
R -~

Figure 1. a) TEM, b) HRTEM, c) The aberration-corrected HAADF-STEM
images and enlarged images, d) corresponding elemental mappings showing
the uniformly distribution of C, N and Zn, of ZnNC-1000.

The N adsorption-desorption isotherms of ZnNC-800, -900 and
-1000 are type IV isotherm indicate the presence of meso-pores
and micropores, which might originate from the inheritance of
porous ZIF-8 precursor (Figure S2d and S6).1*Y The surface area
was increased from 659 to 952 m?/g and then decreased to 121
m?/g when the pyrolysis temperature increased from 800 to 1100
°C (Table S1), suggesting the pyrolysis temperature played an
important role in the formation of the catalyst structure (details
explanations see Figure S7). XRD results showed that all ZnNC-
T samples have similar spectra featuring the characteristic peaks
of amorphous carbon with 26 at ~26° and 43°, respectively (Figure
S8). While no diffraction peaks corresponding to Zn or ZnO
species were observed, excluding the presence of large
crystalline particles of zinc species. The Raman spectra of ZnNC-
T samples with different pyrolysis temperature (Figure S9)
showed two peaks at Raman shift ~1350 and 1580 cm™,
indicating the D band and G band in graphite, respectively. The
intensity ratio of D to G bands (ID/IG) followed an order of ZnNC-
800 (1.22) > ZnNC-900 (1.08) > ZnNC-1000 (1.05) > ZnNC-1100
(0.99), suggesting an upward trend of the graphitization degree
with the increase of the pyrolysis temperature.

The Zn and N content of the ZnNC-T samples were determinate
by inductively coupled plasma optical emission spectrometry
(ICP-OES) and elemental analyses respectively. The Zn and N
content decreased from 19.2 wt% to 2.1 wt% and 17.84 wt% to
4.01 wt% respectively when the pyrolysis temperature increased
from 800 to 1100 °C (Figure S4). To further investigate surface
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composition of ZnNC-T samples, high resolution X-ray
photoelectron spectroscopy (XPS) was performed. The surface
Zn content decreased from 5.48 atom% (ZnNC-800) to 1.43
atom% (ZnNC-1000) and only 0.56 atom% was retained in ZnNC-
1100 (Table S3). The N 1s XPS spectra exhibited four peaks with
binding energies of 398.5, 399.6, 400.2, and 401.2 eV,
corresponding to pyridinic N, Zn-Ny, pyrrolic N, and graphitic N,
respectively (Figure 2a-d).d The relative content of pyridinic N in
ZnNC-800 and ZnNC-900 was 37.4% and 38.2%, and then
decreased to 30.5% and 26.4% for ZnNC-1000 and ZnNC-1100
(Figure S10). All these samples possessed the Zn-Ny species,
and the relative content Zn-Nx was decreased in the following
order ZnNC-800 (26.2%) > ZnNC-1000 (23.1%) > ZnNC-900
(21.7%) > ZnNC-1100 (21.4%) (Figure 2). While, pyrrolic-N and
graphitic-N content increased gradually with the increase of
pyrolysis temperature, which might be due to some of the
resultant pyridinic-N and Zn-Ny transformed to graphitic N.

a) Zn- e hidinic N b)

pyrrolic N

Pyridinic N

Graphitic N
Graphitic N

Intensity(a.u.)
Intensity(a.u.)
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Figure 2. High resolution N 1s spectra of ZnNC-800, -900, -1000 and -1100.

Initially, the hydrogenation performance of ZnNC-T samples
was evaluated in the reductive N-formylation of nitrobenzene
by using FA as the hydrogen source and formylation agent.
Among all prepared ZnNC-T samples, ZnNC-1000 showed the
best performance with 42% conversion and 99% selectivity
(entries 1-4). This demonstrated that the pyrolysis temperature
played a significant role on the catalytic performances. To
verify the role of Zn and nitrogen, Zn@C and N-C without
nitrogen or zinc precursor was prepared under the same
conditions as that of ZnNC-1000 respectively. However, poor
catalytic performance was observed when they were used as
catalysts (entries 5 and 6), indicating that both N and Zn played
an important role in the activation of FA. Moreover, ZIF-8 and
Zn(NOs3),-H,O also showed lower activity in the reductive N-
formylation reaction (entries 7 and 8). Although ZnO was able
to hydrogenate unsaturated C=C or C=C bonds by using H,1°>
13l it has never been used in the reductive reaction using FA as
the hydrogen source. Herein, ZnO was used as the catalyst for
the reductive N-formylation reaction. However, ZnO displayed
poor activity in the present reductive N-formylation reaction

This article is protected by copyright. All rights reserved.
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(entry 9), implying that ZnO could not be the active species for
the reaction. Therefore, we performed control experiments to
further exploration the exact role of ZnNC-1000 in the reaction.
It is obviously that no reaction was proceed without a catalyst
(entry 10), indicating the catalyst was necessary for the
reaction. While 91% of aniline were convert into N-
phenylformamide (entry 11), implying the formylation of aniline
was an uncatalyzed process. This is different with the previous
literatures that solvent control the selectivity when formic acid
was used as the hydrogen and formylating source.** And 36%
conversion of 1a with 84% selectivity of 2a were obtained even
when 3 equivalent FA were used in the N-formylation reaction
(entry 12). Therefore, ZnNC-1000 catalyst played an important
role for the reduction of nitrobenzene.

Table 1. Zn-catalytic one-pot reduction N-formylation of nitrobenzenel@.

NO, catalyst N. 20
1a 2a

Entry®  catalyst t(h) FA Con.  Sel TON
1 ZnNC-800 5 12 8.2 47 0.7
2 ZnNC-900 5 12 31 88 3.8
3 ZnNC-1000 5 12 42 99 13.1
4 ZnNC-1100 5 12 12 97 9.3
5 Zn@C 5 12 21 60 2.8
6 N-C 5 12 5.2 39
7 ZIF-8 5 12 4.3 34 0.5
8 Zn(NOs)2H0 5 12 21 37 0.2
9 ydyle] 5 12 33 59 0.1
10 blank 5 12 trace trace
110 blank 5 3 91 98
12 ZnNC-1000 16 3 67 84 20.9
13 ZnNC-1000 16 4 86 87 26.9
14 ZnNC-1000 16 5 94 95 29.4
15 ZnNC-1000 16 6 100 96 31.3

[a] Reaction conditions: nitrobenzene (0.5 mmol), FA (x equivalent), catalyst
20 mg, 150 °C, 2 mL THF, t h under Ar atmosphere. [b]Conversion was
determined by GC. [c] 0.5 mmol aniline was used as the substrate.

Finally, the effect of employed FA amount on the catalytic
performance was investigated. It should be noted that 4
equivalents of FA were needed when one mole nitrobenzene
was converted to N-phenylformamide. Surprisingly, when 4
equivalents of FA were used, 86% conversion of nitrobenzene
with 87% selectivity of N-phenylformamide was obtained (entry
13 and Figure S11). Further increase the amount of FA, both
the conversion and selectivity were increased (entry 14 and
15). 100% conversion of nitrobenzene with 96% selectivity of
N-phenylformamide was obtained when 6 equivalents of FA
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were used (entry 15), indicating ZnNC-1000 exhibited a good
FA utilization efficiency. Moreover, the present ZnNC-1000
catalyzed protocol was also effectively on a 10 mmol scale.
98% yield (GC) and 96% isolated yield was obtained with 0.96
mol% Zn and 6 equivalents FA at 150 °C (Scheme S1).

To get insights into the high performance of ZnNC-1000, we
correlated the surface area and nitrogen content with the
conversion of nitrobenzene respectively (Figure S12 and S13).
However, non-linear relationship was obtained, indicating the
surface area and nitrogen content could not play a decisive role
on the catalytic performance over ZnNC-T samples. To further
investigate the structure-activity relationship of ZnNC-T
catalysts, H,-D, exchange reaction and HCOOH
chemisorption tests were carried out over ZnNC-T and control
samples. The rate of HD formation normalized by the mass of
used catalysts is showed in Figure 3a. The control samples NC
and Zn@C without N or Zn displayed moderate HD formation
rate, indicating that both N and Zn played a crucial role in the
hydrogen activation. Among the pyrolysis product ZnNC-T
samples (ZnNC-800, -900, -1000 and -1100), the H; activation
activity was first increased with the increase of pyrolysis
temperature. When the pyrolysis temperature was increased
up to 1000 °C, ZnNC-1000 showed the highest activity. Then
further increase the pyrolysis temperature, the H, activation
activity of ZnNC-1100 was decreased. It is obvious that not
only N, Zn, but also the pyrolysis temperature played
significant role in the H, activation activity, i.e. Zn-Nx was
probably the active sites for the hydrogen activation. In
addition, this phenomenon is agreed well with the catalytic
performance of ZnNC-T, indicating the hydrogen activation
played an important role in the reaction process.

®
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Figure 3. Hydrogen activation and HCOOH chemisorption tests. a) Hz-D2

exchange reaction b-d) HCOOH-TPD on N-C, ZnNC-800, ZnNC-900,
ZnNC-1000, ZnNC-1100 and Zn@C at 150 °C normalized by mass of the

used catalyst.

Then HCOOH chemisorption tests were conducted to

explore the reason why ZnNC-1000 showed the highest
catalytic performance (Figure 3b-d and S14). The HCOOH-
TPD results showed that the adsorption amount of HCOOH

over ZnNC-T samples follows the order of ZnNC-800 < ZnNC-

1100 < ZnNC-900 < ZnNC-1000, reaching a maximum
HCOOH adsorption for ZnNC-1000 (Figure 3b). During the

This article is protected by copyright. All rights reserved.



ChemCatChem

HCOOH-TPD process, the signal ascribed to H, and CO; over
ZnNC-1000 catalyst displayed highest amount than the other
tested catalysts (Figure 3c and 3d). This trend not only agreed
well with the catalytic performance in the reductive N-
formylation reaction, but also consisted with the HD formation
rate in the H,-D, exchange reaction. All these results
demonstrated that the hydrogen activation, HCOOH
adsorption and the reductive N-formylation reaction might be
related with the important effect between atomically dispersive
Zn species and N-doped carbon, that is, the same active sites
of Zn-Nx species in those catalysts. In addition, according to
the XPS analysis, all ZnNC-T samples possessed the Zn-Ny
species, and the relative content Zn-Ny, was decreased in the
following order ZnNC-800 (26.2%) > ZnNC-1000 (23.1%) >
ZnNC-900 (21.7%) > ZnNC-1100 (21.4%). Therefore, based
on the above results, we conclude that the pyrolysis
temperature affects the structure and composition of the
catalyst, resulting in the excellent catalytic performance of
ZnNC-1000.

Table 2. Comparison of Heterogeneous Catalysts for the for the reductive
N-formylation of nitroarene

©/NOZ catalyst/Forimic acid
- - @ .
T,t, 1 bar Aror N,

la 2a
Entry Catalyst amount T/°C h Yield Ref.
1 ZnNC-1000 32mol% 150 16 96% TS
work
2 Co@NPC- 4.8 mol% 120 12 99% 7b
800
3 CoNC-700? 1 mol% 110 5 98% 7h

4 Co@CN-800 16 mol% 110 12 92% 16

5 CO'NXﬁ,'soo' 0.17% 10 12 99%  2e
6 Pd-C 188mol% 95 14  70%  15a
7 Mag-IL-Pd 025mol% 90 24 97%  15b
8 Pd@PS® 8 mol% 135 20 86%  15¢
9 Pd/ZnO g'fns(;;’o'g 90 33 68% 15d
10 Au/rutile 1 mol% 70 2 99% 15e

a2-Nitrotoluene *2 MPa N3, coxalic acid dihydrate was used.

To verify the occurrence of heterogeneous catalysis on
ZnNC-1000, the filtration test was conducted at about 42%
conversion of nitrobenzene. After remove of ZnNC-1000
catalyst, no further production can be detected even prolong
the reaction time to 10 h under the same reaction conditions,
implying that the reaction should be truly took place on the
surface of heterogeneous catalysts. More importantly, the
catalytic activity and the structure of the ZnNC-1000 could be
well maintained after four runs, indicating good recyclability
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and stability of ZnNC-1000 (Figure S15 and S16). The XRD
pattern for ZnNC-1000 after reaction was like the fresh catalyst
and no diffraction peaks corresponding to Zn or ZnO species
was observed (Figure S17). In addition, no Zn particles was
observed in the HRTEM image of the used catalyst (Figure
S18). Encouraged by the above superior performance of
ZnNC-1000 toward the catalytic reductive N-formylation of
nitrobenzene, we subsequently investigated the substrate
scope to explore the general applicability of this catalytic
protocol under the optimized conditions. To our delight, some
good or excellent results can be achieved, indicating the good
substrate tolerance of the catalyst (Table S4). In addition, the
reductive N-formylation of nitroarene were mainly performed
with noble metal-based (such as Pd and Au) heterogeneous
catalysts by using formic acid as the reductant and formylation
reagent (entries 6-10, Table 2)1!1. To date, there is only a few
examples of the reductive N-formylation of nitroarenes over the
non-noble metal catalysts (entries 1-5, Table 2)i2e 76. 7. 161 Tq
our delight, the catalytic activity of ZnNC-1000 was even
comparable with the previous non-noble transition metal
catalysts. All these results demonstrated that the atomically
dispersed Zn-Ny sites in the 3D N-doped carbon framework
displayed excellent catalytic performance for reductive N-
formylation of nitroarenes using FA.

Given all control experiments, we proposed plausible
reaction mechanism as shown Scheme S2. In the first step,
electronegative nitrogen atoms in ZnNC-1000 catalyst capture
H* from formic acid to generate NH* and Zn-formate
intermediate are also formed. In the second step, the Zn-
formate intermediate can produce a CO, molecule and in situ
form zinc-hydride species (ZnH"). Then when the nitroarene is
added in the catalytic system, the generated NH* and ZnH"
prefer to react with the nitro groups to form aniline. Finally,
aniline reacted with formic acid quickly and generate the final
product N-phenylformamide.

In summary, we described an efficient and eco-friendly
ZnNC-1000 catalyst for the catalytic reductive N-formylation of
nitroarenes with FA as the hydrogen source and formylation
agent. It is Zn-N species in such catalysts that are responsible
for the reductive N-formylation reaction, which are confirmed
by the H,-D, exchange reaction and HCOOH chemisorption
tests. In addition, the catalyst displays high FA utilization
efficiency, wide substrate scope and good recyclability. This
work opens new opportunities for the application of efficient,
stable and low-cost transition metal single-atom catalysts.

Experimental Section

Experimental details are given in Supporting Information

Acknowledgements

This work was financially supported by the National Key R&D
Program of China (2017YFB0602203), the Strategic Priority
Research Program of the Chinese Academy of Sciences
(XDA21020300), the National Natural Science Foundation of

This article is protected by copyright. All rights reserved.



ChemCatChem

China (91845101), the Initiative Postdocs Supporting Program

(BX20180297), and the

China Postdoctoral Science

Foundation (2018M641727).

Keywords: zeolitic imidazolate framework * N-doped carbon
« single atom catalysis « hydrogen activation « reductive N-
formylation

(1

(2]

(3]

(4]

(5]
(6]

[7]

8]

M. Lakshmi Kantam, R. Kishore, J. Yadav, S. K. Bhargava, L. A.
Jones, A. Venugopal, in Industrial Catalytic Processes for Fine and
Specialty Chemicals (Eds.: S. S. Joshi, V. V. Ranade), Elsevier,
Amsterdam, 2016, pp. 427-462.

a) R. V. Jagadeesh, A. E. Surkus, H. Junge, M. M. Pohl, J. Radnik,
J. Rabeah, H. Huan, V. Schunemann, A. Bruckner, M. Beller, Science
2013, 342, 1073-1076; b) F. Chen, C. Topf, J. Radnik, C.
Kreyenschulte, H. Lund, M. Schneider, A.-E. Surkus, L. He, K. Junge,
M. Beller, J. Am. Chem. Soc. 2016, 138, 8781-8788; c) X. H. Sun, A.
I. Olivos-Suarez, D. Osadchii, M. J. V. Romero, F. Kapteijn, J.
Gascon, J. Catal. 2018, 357, 20-28; d) L. C. Liu, P. Concepcioén, A.
Corma, J. Catal. 2016, 340, 1-9; e) P. Zhou, L. Jiang, F. Wang, K. J.
Deng, K. L. Lv, Z. H. Zhang, Sci Adv 2017, 3, €1601945; f) Z. Z. Wei,
Y. Q. Chen, J. Wang, D. F. Su, M. H. Tang, S. J. Mao, Y. Wang, ACS
Catal. 2016, 6, 5816-5822; g) Z. Z. Wei, J. Wang, S. J. Mao, D. F. Su,
H.Y.Jin, Y. H. Wang, F. Xu, H. R. Li, Y. Wang, ACS Catal. 2015, 5,
4783-4789; h) J. L. Long, Y. Zhou, Y. W. Li, Chem. Commun. 2015,
51, 2331-2334; i) W. G. Liu, L. L. Zhang, W. S. Yan, X. Y. Liu, X. F.
Yang, S. Miao, W. T. Wang, A. Q. Wang, T. Zhang, Chem. Sci. 2016,
7,5758-5764; j) J. Luo, H. Wei, Y. Liu, D. Zhang, B. Zhang, W. Chu,
C. Pham-Huu, D. S. Su, Chem. Commun. 2017, 53, 12750-12753.
a) R. V. Jagadeesh, K. Murugesan, A. S. Alshammari, H. Neumann,
M.-M. Pohl, J. Radnik, M. Beller, Science 2017, 358, 326-332; b) L.
Oar-Arteta, T. Wezendonk, X. Sun, F. Kapteijn, J. Gascon, Mater.
Chem. Front. 2017, 1, 1709-1745; c) K. Murugesan, T. Senthamarai,
M. Sohail, A. S. Alshammari, M. M. Pohl, M. Beller, R. V. Jagadeesh,
Chem Sci 2018, 9, 8553-8560; d) G. Hahn, P. Kunnas, N. de Jonge,
R. Kempe, Nature Catal. 2019, 2, 71-77; e) X. Qiu, J. M. Chen, X. W.
Zou, R. Q. Fang, L. Y. Chen, Z. J. Chen, K. Shen, Y. W. Li, Chem Sci
2018, 9, 8962-8968.

T. C. Johnson, D. J. Morris, M. Wills, Chem. Soc. Rev. 2010, 39, 81-
88.

F. Jin, H. Enomoto, Energy Environ. Sci. 2011, 4, 382-397.

a) M. Hosseini-Sarvari, H. Sharghi, J. Org. Chem. 2006, 71, 6652-
6654; b) P. Ganapati Reddy, G. D. Kishore Kumar, S. Baskaran,
Tetrahedron Lett. 2000, 41, 9149-9151; c) V. K. Das, R. R. Devi, P.
K. Raul, A. J. Thakur, Green Chem. 2012, 14, 847-854; d) M.
Tajbakhsh, H. Alinezhad, M. Nasrollahzadeh, T. A. Kamali, J. Colloid
Interface Sci. 2016, 471, 37-47.

a) Y. A. Duan, T. Song, X. S. Dong, Y. Yang, Green Chem. 2018, 20,
2821-2828; b) X. S. Dong, Z. Z. Wang, Y. A. Duan, Y. Yang, Chem.
Commun. 2018, 54, 8913-8916; c) R. V. Jagadeesh, K. Natte, H.
Junge, M. Beller, ACS Catal. 2015, 5, 1526-1529; d) G. Li, H. Yang,
H. Zhang, Z. Qi, M. Chen, W. Hu, L. Tian, R. Nie, W. Huang, ACS
Catal. 2018, 8, 8396-8405; e) P. Zhou, Z. H. Zhang, ChemSusChem
2017, 10, 1892-1897; f) M. Yuan, Y. Long, J. Yang, X. W. Hu, D. Xu,
Y. Y. Zhu, Z. P. Dong, ChemSusChem 2018, 11, 4156-4165; g) H. H.
Yang, R. F. Nie, W. Xia, X. L. Yu, D. F. Jin, X. H. Lu, D. Zhou, Q. H.
Xia, Green Chem. 2017, 19, 5714-5722; h) Y. C. Zhang, P. W. Cao,
H. Y. Zhang, G. H. Yin, J. Q. Zhao, Catal. Commun. 2019, 129,
105747.

a) A. H. Chowdhury, P. Bhanja, N. Salam, A. Bhaumik, S. M. Islam,
Molecular Catalysis 2018, 450, 46-54; b) A. H. Chowdhury, U. Kayal,
I. H. Chowdhury, S. Ghosh, S. M. Islam, ChemistrySelect 2019, 4,
1069-1077; c) B. Dong, L. Y. Wang, S. Zhao, R. L. Ge, X. D. Song,
Y. Wang, Y. A. Gao, Chem. Commun. 2016, 52, 7082-7085; d) X. J.

[10]

(11]

[12]

[13]

[14]

[15]

[16]

10.1002/cctc.201902109

WILEY-VCH

Cui, X. C. Dai, Y. Zhang, Y. Q. Deng, F. Shi, Chemical Science 2014,
5, 649-655; €) Y. J. Zhang, H. L. Wang, H. K. Yuan, F. Shi, ACS
Sustain. Chem. Eng. 2017, 5, 5758-5765; f) X. J. Cui, Y. Zhang, Y.
Q. Deng, F. Shi, Chem. Commun. 2014, 50, 13521-13524.

a) H. R. Zhou, X. F. Yang, L. Li, X. Y. Liu, Y. Q. Huang, X. L. Pan, A.
Q. Wang, J. Li, T. Zhang, ACS Catal. 2016, 6, 1054-1061; b) M.
Behrens, F. Studt, I. Kasatkin, S. Kuhl, M. Havecker, F. Abild-
Pedersen, S. Zander, F. Girgsdies, P. Kurr, B. L. Kniep, M. Tovar, R.
W. Fischer, J. K. Norskov, R. Schlogl, Science 2012, 336, 893-897;
c) J. Aigueperse, S. J. Teichner, J. Catal. 1963, 2, 359-365.

a) X. Q. Wang, Z. Chen, X. Y. Zhao, T. Yao, W. X. Chen, R. You, C.
M. Zhao, G. Wu, J. Wang, W. X. Huang, J. L. Yang, X. Hong, S. Q.
Wei, Y. Wu, Y. D. Li, Angew. Chem. Int. Ed. 2018, 57, 1944-1948; b)
X. Q. Wang, Z. Chen, X. Y. Zhao, T. Yao, W. X. Chen, R. You, C. M.
Zhao, G. Wu, J. Wang, W. X. Huang, J. L. Yang, X. Hong, S. Q. Wei,
Y. Wu, Y. D. Li, Angew. Chem. 2018, 130, 1962-1966.

a) Q. H. Yang, C. C. Yang, C. H. Lin, H. L. Jiang, Angew. Chem. Int.
Ed. 2019, 58, 3511-3515; b) Q. H. Yang, C. C. Yang, C. H. Lin, H. L.
Jiang, Angew. Chem. 2019, 131, 3549-3553.

a) B. B. Li, Z. F. Ju, M. Zhou, K. Z. Su, D. Q. Yuan, Angew. Chem.
Int. Ed. 2019, 58, 7687-7691; b) B. B. Li, Z. F. Ju, M. Zhou, K. Z. Su,
D. Q. Yuan, Angew. Chem. 2019, 131, 7769-7773; c) J. Li, S. G.
Chen, N. Yang, M. M. Deng, S. Ibraheem, J. H. Deng, J. Li, L. Li, Z.
D. Wei, Angew Chem Int Ed Engl 2019, 58, 7035-7039; d) J. Li, S. G.
Chen, N. Yang, M. M. Deng, S. Ibraheem, J. H. Deng, J. Li, L. Li, Z.
D. Wei, Angew. Chem. 2019, 131, 7109-7113; e) B. I. Xu, H. Wang,
W.W. Wang, L. Z. Gao, S. S. Li, X. T. Pan, H. Y. Wang, H. L. Yang,
X. Q. Meng, Q. W. Wu, L. R. Zheng, S. M. Chen, X. H. Shi, K. L. Fan,
X. Y. Yan, H. Y. Liu, Angew. Chem. Int. Ed. 2019, 58, 4911-4916; f)
B. I. Xu, H. Wang, W. W. Wang, L. Z. Gao, S. S. Li, X. T. Pan, H. Y.
Wang, H. L. Yang, X. Q. Meng, Q. W. Wu, L. R. Zheng, S. M. Chen,
X. H. Shi, K. L. Fan, X. Y. Yan, H. Y. Liu, Angew. Chem. 2019, 131,
4965-4970; g) F. Li, Y. Bu, G. F. Han, H. J. Noh, S. J. Kim, |. Ahmad,
Y. L. Lu, P. Zhang, H. Y. Jeong, Z. P. Fu, Q. Zhong, J. B. Baek, Nat.
Commun. 2019, 10, 2623; h) F. Yang, P. Song, X. Z. Liu, B. B. Mei,
W. Xing, Z. Jiang, L. Gu, W. L. Xu, Angew. Chem. Int. Ed. 2018, 57,
12303-12307; i) F. Yang, P. Song, X. Z. Liu, B. B. Mei, W. Xing, Z.
Jiang, L. Gu, W. L. Xu, Angew. Chem. 2018, 130, 12483-12487; j) P.
Song, M. Luo, X. Z. Liu, W. Xing, W. L. Xu, Z. Jiang, L. Gu, Adv.
Funct. Mater. 2017, 27, 1700802; k) C. W. Wang, Q. W. Song, K.
Zhang, P. Liu, J. Y. Wang, J. M. Wang, H. X. Zhang, J. Z. Wang,
Chem. Commun. 2019, 55, 1299-1302.

a) A. L. Dent, R. J. Kokes, J. Phys. Chem. 1969, 73, 3772-3780; b)
L. K. Freidlin, V. I. Gorshkov, Bull. Acad. Sci. USSR, Divi. Chem. Sci.
1960, 9, 696-700.

a) N. Akiya, P. E. Savage, AIChE J. 1998, 44, 405-415; b) A. K. Kar,
R. Srivastava, ACS Sustain. Chem. Eng. 2019, 7, 13136-13147.

a) T. V. Pratap, S. Baskaran, Tetrahedron Lett. 2001, 42, 1983-1985;
b) B. Karimi, F. Mansouri, H. Vali, ChemPlusChem 2015, 80, 1750-
1759; c) V. Thakur, A. Kumar, N. Sharma, A. K. Shil, P. Das, Adv.
Synth. Catal. 2017, 360, 432-437; d) M. Hosseini-Sarvari, Z. Razmi,
Appl. Surf. Sci. 2015, 324, 265-274; e) L. Yu, Q. Zhang, S. S. Li, J.
Huang, Y. M. Liu, H. Y. He, Y. Cao, ChemSusChem 2015, 8, 3029-
3035.

P. Zhou, Z. H. Zhang, L. Jiang, C. L. Yu, K. L. Lv, J. Sun, S. G. Wang,
Appl. Catal. B: Environ. 2017, 210, 522-532.

This article is protected by copyright. All rights reserved.



ChemCatChem

COMMUNICATION

Atomically dispersed zinc catalyst
(ZnNC) derived from ZIF-8 possesses
high surface area, moderate pore
size, high zinc loading (5.12 wt%) and
nitrogen content (6.73 wt%), which
provide abundant active sites. Thanks
to the highest activation activity for
HCOOH, the optimized ZnNC-1000
shows the unique catalytic
performance for the one-pot reductive
N-formylation of nitroarene with
HCOOH as the hydrogen donor and
formylation agent.
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