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Nitrogen modified cobalt catalysts supported on carbon were prepared by pyrolysis of the mixture
generated from cobalt(i) acetate in aqueous solution of melamine or waste melamine resins, which are
widely used as industrial polymers. The obtained nanostructured materials catalyze the transfer
hydrogenation of N-heteroarenes with formic acid in the absence of base. The optimal Co/Melamine-
2@C-700 catalyst exhibits high activity and selectivity for the dehydrogenation of formic acid into
molecular hydrogen and carbon dioxide and allows for the reduction of diverse N-heteroarenes
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Introduction

Transfer hydrogenation is a fundamental transformation for
organic synthesis, which is applied widely both in academic and
industrial laboratories. For this transformation, besides well-
developed organometallic complexes," heterogeneous mate-
rials constitute attractive catalysts because of their easy
handling, separation, and reusability. Most of these known
systems are based on precious metals, e.g. Pd, Ru, Ir, Rh, Au,
and Ag, although also Ni-based catalysts have been reported. In
general, transfer hydrogenations can be conveniently carried
out without pressure equipment,”” and make use of iso-
propanol or formic acid derivatives as “liquid hydrogen
donors”. Interestingly, formic acid can be produced from
biomass as an environmental friendly and efficient reductant.
In recent years, several improved heterogeneous as well as
homogeneous catalysts have been developed for the dehydro-
genation of HCOOH, especially in the context of hydrogen
storage.?

Among the known transfer hydrogenation of different func-
tional groups, the selective reduction of N-heteroarenes is
challenging, because of their high resonance stability* and the
possibility of poisonous effects towards the catalyst. In fact,
such substrates have been much less investigated compared to
the more common catalytic hydrogenations.® A recent example
of transfer hydrogenations of quinolines - the resulting prod-
ucts constitute a common motif in natural products and
bioactive molecules* - includes the report by Cao and co-
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including substrates featuring sensitive functional groups.

workers using gold nanoparticles supported on titanium (Au/
TiO,-R).® Besides that, Pd/C was also reported by Térék and co-
workers for related reactions.” Clearly, the development of more
abundant non-noble metal based catalysts has been rarely
explored for such transformations so far.

Recently, we? and other groups® developed new materials in
which non-noble metal nanoparticles cooperatively interact
with N-doped graphene and graphitic layers.” Due to this
specific environment, these materials show excellent selectivity
in several hydrogenation and oxidation reactions. Unfortu-
nately, most of these catalysts require more special amine
ligands, e.g. phenanthroline, for their synthesis. Hence, there is
ongoing interest to generate such materials with less expensive
N-sources." Herein, we report a more convenient and inex-
pensive synthesis of cobalt nanoparticles supported on nitrogen
modified carbon and their application in the selective transfer
hydrogenation of N-heteroarenes.

Melamine is an important industrial building block and
monomer for paints, plastics, paper products and so on." It is
very economical and contains 67% nitrogen by mass. Thus, it is
an ideal nitrogen source for the preparation of N-modified
carbon materials.”® Based on this and our previous work, we
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Scheme 1 Preparation of cobalt nanoparticles from melamine in
water.
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thought, it would allow the preparation of novel heterogenized
metal nanoparticles. Initially, a series of cobalt catalysts was
prepared by mixing cobalt acetate with melamine in water,
addition of the support (Vulcan VXC72R) and subsequent
pyrolysis at different temperatures (400-800 °C for 2 h under
argon atmosphere) (Scheme 1).

Results and discussion

The obtained materials were tested for the transfer hydroge-
nation of quinoline (1a) as a model substrate for N-
heteroarenes. Using a combination of HCOOH/Et;N (8: 1),
the catalyst obtained at 700 °C gave the best yield of 3,4-dihy-
droquinoline-1(2H)-carbaldehyde (2a), although the materials
produced at 600 and 800 °C also exhibited high activity (Table 1,
entries 1-3). However, a significantly reduced conversion is
observed in the presence of the material prepared at 400-500 °C
(Table 1, entries 4 and 5). The material prepared without
melamine gave 2a only in 15% yield (Table 1, entry 7). This
implies that the doping with nitrogen is crucial to achieve
sufficient activity for this transformation. Obviously, the mate-
rial prepared without cobalt precursor is inactive (Table 1, entry
8). Next, we were surprised to discover full conversion with 98%
yield of 2a without any presence of base (TEA) (Table 1, entry 9).
It should be noted at this point that most transfer hydrogena-
tion processes require addition of stoichiometric amount of
base, which limits the practicability of such methods. Using
different amounts of HCOOH for this transformation showed
that 6 equivalents of HCOOH are necessary to obtain excellent

Table 1 Cobalt-catalyzed transfer hydrogenation of quinoline with
formic acid”

N
[:[/]
N

catalyst
HCOOH/Et ;N

toluene, 130 °C, t

1a 2a EHo 3a H
HCOOH Et;N ¢ Conv. Yield®
Entry Catalyst (mg) (eq.) (eq.) (h) (W) (%)2a
1 Co/Melamine-2@C-800 (60) 10 1.25 24 100 97
2 Co/Melamine-2@C-700 (60) 10 1.25 24 100 99
3 Co/Melamine-2@C-600 (60) 10 125 24 97 96
4 Co/Melamine-2@C-500 (60) 10 1.25 24 20 18
5 Co/Melamine-2@C-400 (60) 10 125 24 18 17
6 Co/Melamine-1@C-700 (60) 10 1.25 24 95 94
7 Co@C-800 (60) 10 125 24 16 15
8 Melamine-2@C-800 (60) 10 1.25 24 0 0
9 Co/Melamine-2@C-700 (60) 10 — 24 100 98
10 Co/Melamine-2@C-700 (60) 8 — 24 100 97
11 Co/Melamine-2@C-700 (60) 6 — 24 100 95
12 Co/Melamine-2@C-700 (60) 5 — 24 88 81
13 Co/Melamine-2@C-700 (60) 4 — 24 71 58
14 Co/Melamine-2@C-700 (60) 3 — 24 51 42
15 Co/Melamine-2@C-700 (60) 8 — 18 100 99
16 Co/Melamine-2@C-700 (60) 8 — 8 72 71

“ 0.5 mmol quinoline in 1.5 mL toluene. ? GC-yield using dodecane as
an internal standard.
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yields (Table 1, entries 10-14). Besides, other reaction parame-
ters were also investigated and the best reaction conditions are
shown in Table 1, entry 15.

The element analysis of Co/Melamine-2@C-700 shows that it
contains 5.0 wt% of cobalt and 0.75 wt% of nitrogen. The

E.O qm

———50 nm OK

el = ., ¢ 8 .

Fig.1 (a—c) STEM images of Co/Melamine-2@C-700. The high angle
annular dark field (HAADF) image (a and b) of Co/Melamine-2@C-700
shows the distribution of metallic (dense contrast) and oxidic (cloudy,
less intense) Co particle, while they close up (c) shows an example of
both type next to each other. The annular bright field (ABF) image (d)
displays a close up of a metallic cobalt particle surrounded by a thin
graphitic structure. (e—h) STEM-EDX mapping of another catalyst
region showing the carbon/cobalt structure present in the fresh
specimen: (e) overlay of cobalt (red), carbon (green) and oxygen (blue)
maps, (f) cobalt map, (g) carbon map, (h) oxygen map.

This journal is © The Royal Society of Chemistry 2017
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detailed characterizations of the selected materials have been
investigated by scanning transmission electron microscopy
(STEM), X-ray photoelectron spectroscopy (XPS) and Powder X-
Ray Diffraction (PXRD).

The most active Co/Melamine-2@C-700 and less active Co/
Melamine-2@C-400 were compared by STEM. In the first
sample different kinds of cobalt species were detected: in
addition to metallic cobalt particles surrounded by graphitic
layers, cobalt oxide particles without graphitic structures are
present. Most particle sizes are less than 20 nm (Fig. 1). No
cobalt particles were detected for the material pyrolyzed at
400 °C (Co/Melamine-2@C-400) (Fig. 2).

XPS measurements for Co/Melamine-2@C-700 disclose that
nitrogen is embedded into the carbon phase. More specifically,
pyridinic, pyrrolic, quaternary nitrogen, as well as pyridinic
nitrogen oxide were detected (Fig. 3). The total nitrogen content
on the surface of this catalyst is 1.27 at%. In this case, EDX
spectroscopy disclosed that dispersed cobalt is found in
a carbon matrix (Fig. S5T). Subsequently, materials prepared
using various amounts of melamine at different pyrolysis
temperature were characterized by powder X-ray diffraction. No
crystalline Co-phases can be identified by diffraction methods
after pyrolysis at 400 and 500 °C. At higher pyrolysis tempera-
ture metallic cobalt is formed in both, hexagonal and cubic
modifications. At 800 °C most of the a-Co is converted into its
cubic form. Interestingly, some Co;0, is detected at 600 and
700 °C which is not to be found at 800 °C (Fig. 4).

With optimal reaction conditions in hand, the hydrogena-
tion of diverse N-heteroarenes was explored. As shown in Table
2, the substrate scope is broad and the functional group toler-
ance is excellent. Quinolines substituted with both electron-

200 nm

Fig.2 STEM images of Co/Melamine-2@C-400 (a) high angle annular
dark field (HAADF) overview of Co/Melamine-2@C-400, (b) annular
bright field (ABF) image of Co/Melamine-2@C-400, no cobalt particles
were observed, (c and d) HAADF and ABF images showing details of the
carbon phase of Co/Melamine-2@C-400.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 XPS measurement of Co/Melamine-2@C-700.

donating and electron-withdrawing groups are converted to
the corresponding products in high to excellent yields. It is to
note that substrates containing sensitive Br, OH, NH,, OTf
substituents were smoothly reduced to give 2d, 2i, 2j, 20, 2s, and
2u. Notably, the tolerance of Br and OTf substituents allow
further transformations through standard coupling reactions.
Furthermore, hydrogenation sensible COOMe, COOH, CN, C=
O, C=C groups are compatible under this employed reaction
conditions and the corresponding formamides (2k, 2m, 2n, 2t,
2w) were obtained in high yield and selectivity. Particularly,
substrates featuring substituents, e.g. OH, Ac, NH,, CH,, Ph, on
the pyridine ring also formed the desired products 2s, 2t, 2u, 2v,
2w. Interestingly, quinolin-3-ol 1s produced 3-oxo-3,4-dihy-
droquinoline-1(2H)-carbaldehyde 2s in 64% yield through
partial hydrogenation of pyridine ring followed by
isomerization.

Apart from quinolines, other N-heteroarenes such as phe-
nanthridine, phthalazine and 1,5-naphthyridine remained
suitable substrates for this transformation delivering the cor-
responding formamides in moderate to high yield with good
selectivity (Table 3). Furthermore, for phthalazine, only one
C=N bond was hydrogenated keeping another C=C or C=N
bond of pyridine ring intact (9).

relative intensity / a. u.

10 20 30 40 50 60 70 80
2theta / ©

Fig.4 Powder diffraction pattern of supported Co/Melamine catalysts
prepared at different conditions: pyrolysis at 400, 500, 600, 700 and
800 °C, respectively. Phases are labelled as squares (B-Co), circles (o.-
Co) and triangles (Coz04).

Chem. Sci,, 2017, 8, 6239-6246 | 6241
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Table 2 Transfer hydrogenation of quinolines: substrate scope

X Co/Melamine-2@C-700 (60-120 mg) X

R{\/(\_Rz R Yge

AN\ HCOOH, Toluene, 130 °C, 24-50 h AN

1 2 éHO
Entry Substrate Product Entry Substrate Product

N Nig N

1 F CHO 12 ¢HO

2b 95%

[}

2]
2

(%)
B N
z
A/ A/ 7

RS
N

CHO
2c 97%

RO®
N

CHO

3
1d 2d 95%?
X
P
4 N N
cl Cl CHO
e 2 82%
F F
X
5 N N
OMe OMe CHO
1f 2f 86%
N
Z
6 N N
CHy CH;3 CHO
19 2g 80%
N
P
7 N N
OEt OEt CHO
1h 2h 95%
HO. N HO.
O 0
8 N N
T CHO
2 82%
S
P
9 N X
OH OH CHO
1 2j 86%
o o
~o N o
10 P
N "
CHO
Tk 2k 90%
oS JOGN
PN F N CH
F N7 CH, 3
1 ¢HO

n 21 93%

im
2m 72%

N
CHO

=
o
o
(2]
Zg\ //;

13
1n
2n 65%
P
14 N N
1o CHO
2070%"
O L
P
15 N7 CH, N7 CHg
, CHO
[
2p 99%
CHs CHs
O O
16 N N
1 CHO
a 2q 98%
~CHs CHs
Yy
17 N N
CHO
1r
2r 99%
o~
18 N N
, CHO
S
2s 64%
g g
19 o ©\/j)\CH3
N N
CHO
1t 2t 72%
NH, H
oy 200
P
N
20 Z N
1u CHO
2u66%
X
N7 N
21 O CHo O
v 2v 96%
e Clo_
NN =z N Z
22 Y ,go
w 2w 68%

“ 1.0 equivalent of Et;N was used. ? 3,4-Dihydroquinoline-1(2H)-carbaldehyde was obtained in 9% yield.

To demonstrate the practicability of our protocol, reaction of
quinoline 1a was performed on 15 mmol-scale to give 2a in 98%
yield (Scheme 2a). This product can be easily hydrolyzed to the
amine, 1,2,3,4-tetrahydroquinoline (3a), in quantitative yield
simply by using NaOH/H,O/EtOH (Scheme 2b). The stability and
reusability are important features of heterogeneous catalysts. To
explore the recycling of the active cobalt catalyst, experiments

6242 | Chem. Sci., 2017, 8, 6239-6246

were carried out for the model substrate 1a (Fig. 5). Notably, this
heterogeneous cobalt catalyst showed no obvious deactivation
after 6 runs and the selectivity remained excellent. Furthermore,
the STEM images of Co/Melamine-2@C-700 after 4 runs were
recorded and shown in Fig. 6. The metallic cobalt particles with
graphitic layers were stable and remained after recycling

This journal is © The Royal Society of Chemistry 2017
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Table 3 Transfer hydrogenation of other N-heteroarenes
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H

/NN, | CoMelamine-2@C-700 7N H
(a ][ Solelamine2@0700 7, YT
N N/) HCOOH, toluene AN N)\H
°C, 24-
130 °C, 24-27 h éHO

Entry Substrate Catalyst (mol%)

HCOOH (equiv.) Product Yield (%)

z
O

1 I'D 13.5
4
O A
2 O N 10
6
N
3 N 10
8
S
4 7N 10

“ With 2.5 equivalent Et;N.

(@)

N
[j /]
N

standard conditions

CO)

98% yield
)
1a (15 mmol) CHO
2a(2.37g)
(b)
©\/j NaOH, further transformation
N H,O/EtOH ~ °8 ———
2a CHo 9%

Scheme 2 Up scaling experiment and further transformation of
formamide.

experiments. However, the cobalt oxide phase aggregated and
large cobalt oxide particle could be detected (see Fig. S6).

To investigate the mechanism of this heterogeneous transfer
hydrogen process, several control experiments were conducted.
In general, such reactions might proceed via initial formation of

Fig. 5 Recycling experiments.

This journal is © The Royal Society of Chemistry 2017

20 llif!!' 95
N

5 CHO
20 OO N 89
CHO
7
!
15 N-cro 81
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N\
[ =
10 \ 387
CHO

molecular hydrogen from formic acid and subsequent hydro-
genation or alternatively straight from formic acid. In the latter
case, the active metal hydride species will be directly generated
from the corresponding Co formate species via B-hydride
elimination. To proof the activity of our cobalt nanoparticles in
the presence of H,, the reaction of quinoline was performed

Fig. 6 STEM images of Co/Melamine-2@C-700 after 4 runs. (a) high
angle annular dark field (HAADF) overview of Co/Melamine-2@C-700
after 4 runs, (b) annular bright field (ABF) images of Co/Melamine-
2@C-700 after 4 runs, (c and d) images showing metallic cobalt
particles with graphitic layers were stable and remained after recycling
experiments.

Chem. Sci,, 2017, 8, 6239-6246 | 6243
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under 10 bar of hydrogen. Indeed, selective reduction took place
and 3a was obtained in 82% yield. Next, we studied hydrogen
generation from formic acid in the presence of different cobalt
catalysts (Fig. 7). All these reactions were conducted in a 100 mL
autoclave, which was equipped with a pressure detector. As
shown in Fig. 7a, commercially available Co;0, as well as
homogeneous Co(OAc),-4H,0 generated no or only very little
amount of gas even after 40 h. On the other hand, the novel Co/
Melamine-2@C-700 catalyst showed stable hydrogen formation
throughout the reaction. Gas phase analysis by GC-TCD (see
ESI}) revealed the highest hydrogen selectivity for the Co/
Melamine-2@C-700 nanoparticles (Fig. 7b). Obviously, this
novel material is also of significant interest for hydrogen
generation processes in the context of a hydrogen economy,
which is beyond the scope of this work.

In addition, experiments with deuterated formic acid
(DCOOD) instead of HCOOH were performed for our model
reaction using 1,1,2,2-tetrachloroethane as internal standard.
High conversion (85%) of quinoline 1a was observed and the
formyl group was deuterated in 100%, while the deuterium

@ . Co/Melamine-2@C-700 at 130 °C
4 Co,0,at130°C
v Co(OAc),s 4H,0 at 130 °C

e without catalyst at 130 °C
Co/Melamine-2@C-700 at 110 °C

pressure / bar

T T T 1
1000 1500 2000 2500

time / min

T
0 500

Il Co/Melamine-2@C-700 at 130 °C
[l Co,O, at 130 °C
[ Co(OAc), 4H,0 at 130 °C

I no catalyst at 130 °C
I Co/Melamine-2@C-700 at 110 °C

60

Amount / vol%

H, CO H,CO  H,CO  H, CO

Fig. 7 Hydrogen production from formic acid.
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. 7 (H/D), 81% D
X Co/Melamine-2@C-700 (60 mg) 3
| +DCOOD o 2
—Z -
N (6 equiv) toluene-dg, 130 C 18 h N (H/D), 54% D
quiv. 85% conversion
D/H™ ~O
100% D
®) 17% D
(H/D),
+ DCOOD ) o
@ (3 equiv.) CO/Melamine-2@C-700 (60 mg) @(H/D)z 40% D
- 0 2
N/ + HCOOH toluene-dg, 130 C 18 h N (HID), 27% D
(3 equiv.) 100% conversion
DH™ ~O

33% D

Scheme 3 Transfer hydrogenation of quinoline: deuteration labelling
experiments.

| Co(OAc),# 4H;,0  VXCT2R
H,0,80°C,1h 80°C,15h

i) drying
ii) pyrolysis

Catalyst (60 mg)
toluene, 130 °C, 24 h

HCOOH
(10 eq.)

Fig. 8 Catalyst preparation from melamine resin and its application.

incorporation at the arene ring varied in between 26-81%
(Scheme 3). This result shows that additional dehydrogenation/
hydrogenation reactions catalyzed by this cobalt catalyst take
place under the reaction conditions. From a competition
experiment using DCOOD/HCOOH (1/1) it became evident that
HCOOH is more active than DCOOD because of lower deute-
rium incorporation at all positions.

Melamine is widely used for the production of consumer
household and toy products vide supra. From these applications
also significant amounts of waste are generated each year. For
curiosity we became interested if the reuse of such waste
materials to generate active catalysts is possible: hence,
a commercial spoon made from melamine resin was finely
crushed and the resulting powder was used to prepare the
catalyst instead of pure melamine. ICP-MS analysis showed that
no significant amounts of noble metals (<1 ppm) were present
in the obtained powder. The obtained catalyst was tested for the
benchmark hydrogenation and showed similar activity
compared to the material obtained from pure melamine (Fig. 8).

Conclusion

In conclusion, nitrogen modified heterogeneous cobalt cata-
lysts supported on carbon were prepared in water using inex-
pensive melamine or melamine resins as nitrogen source. The
optimal catalyst Co/Melamine-2@C-700 allows for selective
transfer hydrogenation of diverse heteroarenes using formic
acid as reductant. Compared to most known transfer hydroge-
nations, no addition of base is necessary to obtain sufficient

This journal is © The Royal Society of Chemistry 2017
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catalyst activity. Compared to previously known heterogeneous
catalysts, a broader substrate scope including quinolines, phe-
nanthridine, phthalazine, and 1,5-naphthyridine as well as
improved functional group tolerance were realized with the
novel material. Interestingly, this non-noble metal catalyst
shows also activity and selectivity for the dehydrogenation of
formic acid, which will be explored further on in the area of
energy technologies.

Acknowledgements

The Federal Ministry of Education and Research (BMBF) and
the State of Mecklenburg-Vorpommern are gratefully acknowl-
edged for their general support. We thank the analytical
department of the Leibniz-Institute for Catalysis, Rostock for
their excellent analytical service. We thank Dr Kaiwu Dong for
the help of measurement of gas composition.

References

1 For review, see (@) M. Stratakis and H. Garcia, Chem. Rev.,
2012, 112, 4469; (b) D. Wang and D. Astruc, Chem. Rev.,
2015, 115, 6621; for selected examples for heterogeneous
transfer hydrogenations, see (¢) Y. Sun, G. Liu, H. Gu,
T. Huang, Y. Zhang and H. Li, Chem. Commun., 2011, 47,
2583; (d) K. Shimura and K.-i. Shimizu, Green Chem., 2012,
14, 2983; (¢) R. B. Nasir Baig and R. S. Varma, ACS
Sustainable Chem. Eng., 2013, 1, 805; (f) R. Liu, T. Cheng,
L. Kong, C. Chen, G. Liu and H. Li, J. Catal., 2013, 307, 55;
(g9 M. Blanco, P. Alvarez, C. Blanco, M. V. Jiménez,
J. Fernandez-Tornos, J. J. Pérez-Torrente, L. A. Oro and
R. Menéndez, ACS Catal., 2013, 3, 1307; (k) S. K. Mahato,
R. Ul Islam, C. Acharya, M. J. Witcomb and K. Mallick,
ChemCatChem, 2014, 6, 1419; (i) S. Furukawa, Y. Yoshida
and T. Komatsu, ACS Catal.,, 2014, 4, 1441; (j)
S. Fountoulaki, V. Daikopoulou, P. L. Gkizis, I. Tamiolakis,
G. S. Armatas and I. N. Lykakis, ACS Catal., 2014, 4, 3504;
(k) G. J. Sherborne, M. R. Chapman, A. ]. Blacker,
R. A. Bourne, T. W. Chamberlain, B. D. Crossley,
S. J. Lucas, P. C. McGowan, M. A. Newton, T. E. O. Screen,
P. Thompson, C. E. Willans and B. N. Nguyen, J. Am. Chem.
Soc., 2015, 137, 4151; ({) L. Kong, ]J. Zhao, T. Cheng, J. Lin
and G. Liu, ACS Catal., 2016, 6, 2244.

2 (a) G. Brieger and T. J. Nestrick, Chem. Rev., 1974, 74, 567; (b)
R. A. W. Johnstone, A. H. Wilby and I. D. Entwistle, Chem.
Rev., 1985, 85, 129; (¢) S. Gladiali and E. Alberico, Chem.
Soc. Rev., 2006, 35, 226; (d) C. Zheng and S.-L. You, Chem.
Soc. Rev., 2012, 41, 2498.

3 (@) P. G. Jessop, F. Jo6 and C.-C. Tai, Coord. Chem. Rev., 2004,
248, 2425; (b) E. E. Benson, C. P. Kubiak, A. J. Sathrum and
J. M. Smieja, Chem. Soc. Rev., 2009, 38, 89; (c) S. Enthaler,
J. von Langermann and T. Schmidt, Energy Environ. Sci.,
2010, 3, 1207; (d) B. Loges, A. Boddien, F. Girtner,
H. Junge and M. Beller, Top. Catal., 2010, 53, 902; (e)
T. C. Johnson, D. J. Morris and M. Wills, Chem. Soc. Rev.,
2010, 39, 81; () W. Wang, S. Wang, X. Ma and J. Gong,
Chem. Soc. Rev., 2011, 40, 3703; (g) S.-W. Ting, C. Hu,

This journal is © The Royal Society of Chemistry 2017

View Article Online

Chemical Science

J. K. Pulleri and K.-Y. Chan, Ind. Eng. Chem. Res., 2012, 51,
4861; (h) M. Grasemann and G. Laurenczy, Energy Environ.
Sci., 2012, 5, 8171; (i) J. Li, Q.-L. Zhu and Q. Xu, Chimia,
2015, 69, 348; () W.-H. Wang, Y. Himeda,
J. T. Muckerman, G. F. Manbeck and E. Fujita, Chem. Rev.,
2015, 115, 12936; (k) X. Liu, S. Li, Y. Liu and Y. Cao, Chin.
J. Catal., 2015, 36, 1461; (/) J. Eppinger and K.-W. Huang,
ACS Energy Lett., 2017, 2, 188.

4 (a) F. Glorius, Org. Biomol. Chem., 2005, 3, 4171; (b)

Y.-G. Zhou, Acc. Chem. Res., 2007, 40, 1357; (c)
V. Sridharan, P. A. Suryavanshi and J. C. Menéndez, Chem.
Rev., 2011, 111, 7157; (d) D.-S. Wang, Q.-A. Chen, S.-M. Lu
and Y.-G. Zhou, Chem. Rev., 2012, 112, 2557; (e) S. Urban,
N. Ortega and F. Glorius, Angew. Chem., Int. Ed., 2011, 50,
3803.

(@) M. Campanati, M. Casagrande, I. Fagiolino, M. Lenarda,
L. Storaro, M. Battagliarin and A. Vaccari, J. Mol. Catal. A:
Chem., 2002, 184, 267; (b) M. Campanati, A. Vaccari and
O. Piccolo, J. Mol. Catal. A: Chem., 2002, 179, 287; (c)
V. V. Zhandarev, M. E. Goshin, V. N. Kazin,
L. M. Ramenskaya, G. S. Mironov and A. L. Shishkina,
Russ. J. Org. Chem., 2006, 42, 1093; (d) D. Ren, L. He, L. Yu,
R.-S. Ding, Y.-M. Liu, Y. Cao, H.-Y. He and K.-N. Fan, J. Am.
Chem. Soc., 2012, 134, 17592; (e) G.-Y. Fan and ]J. Wu,
Catal. Commun., 2013, 31, 81; (f) A. Sanchez, M. Fang,
A. Ahmed and R. A. Sanchez-Delgado, Appl. Catal., A, 2014,
477, 117; (g) D. Zhu, H. Jiang, L. Zhang, X. Zheng, H. Fu,
M. Yuan, H. Chen and R. Li, ChemCatChem, 2014, 6, 2954;
(h) M. M. Dell'Anna, V. F. Capodiferro, M. Mali, D. Manno,
P. Cotugno, A. Monopoli and P. Mastrorilli, Appl. Catal., A,
2014, 481, 89; (i) A. Karakulina, A. Gopakumar, i. Akc¢ok,
B. L. Roulier, T. LaGrange, S. A. Katsyuba, S. Das and
P. J. Dyson, Angew. Chem., Int. Ed., 2016, 55, 292.

L. Tao, Q. Zhang, S.-S. Li, X. Liu, Y.-M. Liu and Y. Cao, Adv.
Synth. Catal., 2015, 357, 753.

A. Kulkarni, R. Gianatassio and B. Torok, Synthesis, 2011,
1227.

(@) F. A. Westerhaus, R. V. Jagadeesh, G. Wienhofer,
M.-M. Pohl, J. Radnik, A.-E. Surkus, J. Rabeah, K. Junge,
H. Junge, M. Nielsen, A. Briickner and M. Beller, Nat.
Chem., 2013, 5, 537; (b) R. V. Jagadeesh, A.-E. Surkus,
H. Junge, M.-M. Pohl, ]J. Radnik, J. Rabeah, H. Huan,
V. Schiinemann, A. Briickner and M. Beller, Science, 2013,
342, 1073; (¢) F. Chen, A.-E. Surkus, L. He, M.-M. Pohl,
J. Radnik, C. Topf, K. Junge and M. Beller, J. Am. Chem.
Soc., 2015, 137, 11718; (d) R. V. Jagadeesh, K. Natte,
H. Junge and M. Beller, ACS Catal., 2015, 5, 1526; (e)
X. Cui, Y. Li, S. Bachmann, M. Scalone, A.-E. Surkus,
K. Junge, C. Topf and M. Beller, J. Am. Chem. Soc., 2015,
137, 10652; (f) F. Chen, C. Topf, J. Radnik,
C. Kreyenschulte, H. Lund, M. Schneider, A.-E. Surkus,
L. He, K. Junge and M. Beller, J. Am. Chem. Soc., 2016, 138,
8781; (g) F. Chen, C. Kreyenschulte, J. Radnik, H. Lund,
A.-E. Surkus, K. Junge and M. Beller, ACS Catal., 2017, 7,
1526.

(@) Z. Wei, J. Wang, S. Mao, D. Su, H. Jin, Y. Wang, F. Xu, H. Li
and Y. Wang, ACS Catal., 2015, 5, 4783; (b) W. Zhong, H. Liu,

Chem. Sci,, 2017, 8, 6239-6246 | 6245


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7sc02062g

Open Access Article. Published on 12 July 2017. Downloaded on 4/3/2026 10:19:27 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

C. Bai, S. Liao and Y. Li, ACS Catal., 2015, 5, 1850; (c) K. Shen,
L. Chen, J. Long, W. Zhong and Y. Li, ACS Catal., 2015, 5,
5264; (d) C. Han, X. Bo, Y. Zhang, M. Li, A. Nsabimana and
L. Guo, Nanoscale, 2015, 7, 5607; (¢) C. Han, X. Bo,
Y. Zhang, M. Li, A. Wang and L. Guo, Chem. Commun.,
2015, 51, 15015; (f) Y. Wang, Y. Nie, W. Ding, S. G. Chen,
K. Xiong, X. Q. Qi, Y. Zhang, ]J. Wang and Z. D. Wei, Chem.
Commun., 2015, 51, 8942; (g) Y. Hou, Z. Wen, S. Cui, S. Ci,
S. Mao and J. Chen, Adv. Funct. Mater., 2015, 25, 872; (h)
H. Jin, J. Wang, D. Su, Z. Wei, Z. Pang and Y. Wang, J. Am.
Chem. Soc., 2015, 137, 2688; (i) Z. Wei, Y. Chen, ]J. Wang,
D. Su, M. Tang, S. Mao and Y. Wang, ACS Catal., 2016, 6,
5816; (j) Y. Qian, Z. Liu, H. Zhang, P. Wu and C. Cai, ACS
Appl. Mater. Interfaces, 2016, 8, 32875.

10 (a) H. Wang, T. Maiyalagan and X. Wang, ACS Catal., 2012, 2,

781; (b) L. He, F. Weniger, H. Neumann and M. Beller, Angew.
Chem., Int. Ed., 2016, 55, 12582; (¢) M. Li, F. Xu, H. Li and
Y. Wang, Catal. Sci. Technol., 2016, 6, 3670; (d) D. S. Su,

6246 | Chem. Sci., 2017, 8, 6239-6246

View Article Online

Edge Article

G. Wen, S. Wu, F. Peng and R. Schlogl, Angew. Chem., Int.
Ed., 2017, 56, 936.

11 (a@) D. Y. Chung, S. W. Jun, G. Yoon, S. G. Kwon, D. Y. Shin,

P. Seo, J. M. Yoo, H. Shin, Y.-H. Chung, H. Kim, B. S. Mun,
K.-S. Lee, N.-S. Lee, S. J. Yoo, D.-H. Lim, K. Kang,
Y.-E. Sung and T. Hyeon, J. Am. Chem. Soc., 2015, 137,
15478; (b) X. Cui, A.-E. Surkus, K. Junge, C. Topf, ]J. Radnik,
C. Kreyenschulte and M. Beller, Nat. Commun., 2016, 7,
11326; (c) D. Wang and D. Astruc, Chem. Soc. Rev., 2017,
46, 816.

12 (a) Y. Zheng, L. Lin, B. Wang and X. Wang, Angew. Chem., Int.

Ed., 2015, 54, 12868; (b) K. S. Lakhi, D.-H. Park, K. Al-Bahily,
W. Cha, B. Viswanathan, J.-H. Choy and A. Vinu, Chem. Soc.
Rev., 2017, 46, 72.

13 A. Thomas, A. Fischer, F. Goettmann, M. Antonietti,

J.-O. Muller, R. Schlogl and J. M. Carlsson, J. Mater. Chem.,
2008, 18, 4893.

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7sc02062g

	Selective cobalt nanoparticles for catalytic transfer hydrogenation of N-heteroarenesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc02062g
	Selective cobalt nanoparticles for catalytic transfer hydrogenation of N-heteroarenesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc02062g
	Selective cobalt nanoparticles for catalytic transfer hydrogenation of N-heteroarenesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc02062g
	Selective cobalt nanoparticles for catalytic transfer hydrogenation of N-heteroarenesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc02062g
	Selective cobalt nanoparticles for catalytic transfer hydrogenation of N-heteroarenesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc02062g


