
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 2

/7
/2

02
6 

11
:5

7:
11

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Ligand-enabled a
Laboratory of New Energy & New Functio

Chemical Reaction Engineering, College o

Yan'an University, Yan'an, 716000, P.

yqzhang@iccas.ac.cn

† Electronic supplementary information (
and crystallographic data in CIF or
10.1039/d1ra07266h

Cite this: RSC Adv., 2021, 11, 39934

Received 29th September 2021
Accepted 9th December 2021

DOI: 10.1039/d1ra07266h

rsc.li/rsc-advances

39934 | RSC Adv., 2021, 11, 39934–3
nd magnesium-activated
hydrogenation with earth-abundant cobalt
catalysts†
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and Yuqi Zhang *

Replacing expensive noble metals like Pt, Pd, Ir, Ru, and Rh with inexpensive earth-abundant metals like

cobalt (Co) is attracting wider research interest in catalysis. Cobalt catalysts are now undergoing

a renaissance in hydrogenation reactions. Herein, we describe a hydrogenation method for polycyclic

aromatic hydrocarbons (PAHs) and olefins with a magnesium-activated earth-abundant Co catalyst.

When diketimine was used as a ligand, simple and inexpensive metal salts of CoBr2 in combination with

magnesium showed high catalytic activity in the site-selective hydrogenation of challenging PAHs under

mild conditions. Co-catalyzed hydrogenation enabled the reduction of two side aromatics of PAHs. A

wide range of PAHs can be hydrogenated in a site-selective manner, which provides a cost-effective,

clean, and selective strategy to prepare partially reduced polycyclic hydrocarbon motifs that are

otherwise difficult to prepare by common methods. The use of well-defined diketimine–ligated Co

complexes as precatalysts for selective hydrogenation of PAHs and olefins is also demonstrated.
Earth-abundant metal-catalyzed hydrogenation provides a cost-
effective and atom-economic strategy for sustainable chemical
synthesis; thus, it has attracted considerable interest among the
synthetic community.1–4 Several inexpensive rst-row transition
metals such as iron,5 nickel,6 cobalt,7 and manganese8 have
been shown to have appealing catalytic activities in the hydro-
genation of olens, ketones, imines, and even amides and
esters.9 In contrast, polycyclic aromatic hydrocarbons (PAHs)
have rarely been hydrogenated by earth-abundant metal cata-
lysts, probably due to their stability caused by aromaticity.10

Catalytic hydrogenation of PAHs has been dominated by
precious metals such as ruthenium, rhodium, palladium, and
platinum via heterogeneous catalysis (Scheme 1).11 Potassium
bis(anthracene)cobaltate has been reported by Jacobi von
Wangelin et al.7a for the hydrogenation reactions of unsaturated
molecules (alkenes, arenes, carbonyl compounds). In addition,
they have also reported the synthesis of potassium bis(h4-
anthracene) metalates of Fe and Co for catalytic hydrogenation
of alkenes, ketones and imines at ambient H2 pressure and
temperatures.7i
n Materials, Shaanxi Key Laboratory of
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Site selectivity in PAH hydrogenation has long been an
important issue. Mixed products are usually formed upon
hydrogenation of aromatic scaffolds at different sites, with
limited PAH scope.12 The use of earth-abundant metals for
catalytic hydrogenation of PAHs with site-selective and cost-
effective method would be of greater value for partially hydro-
genated feedstock chemicals synthesis.

In nonprecious-metal-promoted catalysis, an activation
strategy involving the reduction of simple, low-cost and
commercially available metal salts for in situ formation of active
metal catalysts has been established. It offer the advantages of
easy handling and potential applications in large-scale
Scheme 1 Transition-metal-catalyzed hydrogenation of PAH
(anthracene).

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra07266h&domain=pdf&date_stamp=2021-12-14
http://orcid.org/0000-0001-9577-3150
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07266h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011063


Table 1 Studying the effect of metal salts, ligands and reductants on
selective hydrogenation of anthracenea

Entry Metal salt Ligand Reductant
[2a
%] [3a %]

1 CoCl2 None Mg ndb ndb

2 CoCl2 Bpy Mg ndb ndb

3 CoCl2 Dtbpy Mg 38 Trace
4 CoCl2 IPr$HCl Mg ndb ndb

5 CoCl2 Dppp Mg ndb ndb

6 CoCl2 Xantphos Mg ndb ndb

7 CoCl2 Diamino L1 Mg ndb ndb

8 CoCl2 Diketimine Mg 26 59
9 CoCl2 Me-diketimine Mg 37 Trace
10 Co(acac)2 Diketimine Mg ndb ndb

11 CoBr2 Diketimine Mg ndb 90 [84]c

12 CoBr2 Diketimine Mn or Zn ndb ndb

13 CoBr2 No Mg ndb ndb

14 CoBr2 Diketimine No ndb ndb

15 CoBr2 Diketimine CH3Li ndb ndb

16 CoBr2 Diketimine NaOtBu ndb ndb

17 CoBr2 Diketimine NaHBEt3 ndb ndb

18 CoBr2 Diketimine NaOtBu/HBPin ndb ndb

19d CoBr2 Diketimine NaOtBu/HBPin ndb ndb

a Conditions: 1a (0.2 mmol), metal salt (0.02mmol), ligand (0.02mmol),
reductant (0.4 mmol), H2 (8 MPa), THF (2 mL), 60 �C, 48 h. 1H NMR
yields using 1,3,5-trimethoxybenzene as internal standard. b Not
detected. c Isolated yield. dppp ¼ 1,3-bis(diphenylphosphino)propane.
Xantphos ¼ 4,5-bis(diphenyl phosphino)-9,9-dimethylxanthene.
d Without H2.

Scheme 2 Testing the catalytic activities of well-defined diketimine–
Co complexes in hydrogenation of anthracene.
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manufacturing, with minimal associated hazards in the puri-
cation of metal catalysts.13,14

We hypothesized whether it will be possible to use earth-
abundant metal salts as precatalysts to replace expensive
metal catalysts, using an in situ activation strategy for achieving
the hydrogenation of PAHs with controllable selectivity.
Hydrogenation using robust Fe, Co, and Mn catalysts has been
reported. However, the hydrogenation of PAHs using these
inexpensive metal catalysts has been rather limited.15,16 Zeng's
group has developed low-valent cobalt in situ using methyl-
magnesium bromide as a reducing agent for the hydrogenation
of fused PAHs to give two terminal aromatic carbocycles.17

Herein, we report a ligand-enabled and magnesium-
activated hydrogenation of PAHs and olens with in-expensive
metal Co catalysis. Site selectivity in the hydrogenation of
PAHs can be controlled by these two different, earth-abundant
metal catalysts. A combination of CoBr2 and diketimine or
a diketimine–ligated Co complex with magnesium as a reduc-
tant showed good catalytic activity in the selective hydrogena-
tion of two side aromatics of PAHs (Scheme 1). Preactivation
with Mg was performed by placing Mg turnings and CoBr2 in
Schlenk tube and heating under vacuum for 5–8 minutes using
a heat gun.

In our efforts to form low-oxidation-state active Co species in
situ, we commenced our studies by selecting metallic magne-
sium as reductant, to test its reactivity in the hydrogenation of
anthracene (Table 1).18 Initially, we selected CoCl2 salt as the
catalyst and examined it under various reaction conditions. In
the absence of external ligands, the low-cost CoCl2 salt with
magnesium as reductant was unable to promote the hydroge-
nation (entry 1). Screening of ligands showed that 2,20-bipyr-
idine was inefficient in the hydrogenation (entry 2).
Interestingly, Co-catalyzed hydrogenation occurred when using
dtbpy as ligand; a product with one reduced aromatic side arm
was formed (entry 3), only a trace amount of the two-side-
aromatic-reduced product 3a was detected. We recognized
that the ligand could play an important role in promoting
hydrogenation with Co. Other ligands such as IPr, dppp, Xant-
phos, and diamino L1 were inefficient in the promotion of the
Co-catalyzed hydrogenation (entries 4–7). N-2,6-
Diisopropylphenyl-bearing diketimine greatly enhanced the
catalytic activity of Co to afford 3a in 59% yield (entry 8).
However, with 2,3-dimethyl-substituted diketimine, a trace
amount of product 3a was detected (entry 9). Encouraged by the
results, we chose different cobalt salts as catalysts. When using
Co(acac)2 salt, no hydrogenation took place (entry 10). To our
delight, the salt of CoBr2 exhibited high reactivity; it resulted in
catalytic hydrogenation of two side aromatics of anthracene in
the formation of product 3a (entry 11). Manganese and zinc
could not serve as efficient reductants in Co catalysis (entry 12).

Once we had the optimal hydrogenation conditions with
CoBr2 and diketimine ligand in hand, we were curious as to
whether well-dened diketimine–ligated Co complexes could
serve as precatalysts to promote the hydrogenation of PAH.
According to known procedures,19 we prepared the diketimine–
ligated Co complexes and tested their reactivities in the
hydrogenation of anthracene. Briey, diketimine–ligated Co
© 2021 The Author(s). Published by the Royal Society of Chemistry
complexes were prepared by mixing equimolar anhydrous
CoBr2 and diketimine in THF and stirred for 24 h at room
temperature, ltered, washed with hexane, and dried in
vacuum. The diketimine–Co complex afforded the product 3a in
almost equal conversion to that using CoBr2/diketimine
(Scheme 2). Catalytic hydrogenation of PAHs was carried out by
heating Mg turnings (10 mg, 0.4 mmol) and CoBr2 (5 mg, 0.02
mmol) in a Schlenk tube using a heat gun at around 300 �C
under vacuum for 5 min. The mixture was cooled to room
temperature in nitrogen atmosphere, PAH (0.2 mmol), diketi-
mine (8 mg, 0.02 mmol) and THF (2.0 mL) were added. The
RSC Adv., 2021, 11, 39934–39939 | 39935
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resulting mixture was heated at 80 �C for 2 hours. Then the
resulting mixture was quickly moved to a high-pressure auto-
clave. The reaction mixture was stirred under an atmosphere of
H2 (8 Mpa) at 60 �C for 50 h and then quenched with saturated
NH4Cl/H2O (4 mL). The crude product was extracted with EtOAc
(3 � 4 mL). The combined organic phases were dried over
anhydrous Na2SO4 and concentrated under vacuum. Aer
removal of the volatiles under vacuum, the crude products were
puried by column chromatography to afford the desired
hydrogenation compounds.

With optimal reaction conditions in hand, CoBr2/diketimine
was further used as a precatalyst to explore the scope of Co-
catalyzed hydrogenation for the synthesis of two-side-
aromatic-reduced motifs (Scheme 3).

1,2,3,4,5,6,7,8-Octahydroanthracene derivatives bearing
methyl and substituted phenyl substituents at the C9/C10
positions were prepared by selectively reducing two side car-
bocycles (3b–3l). As expected, the hydrogenation of phenan-
threne readily took place with Co catalysis (3m). When using
pyrene, we found that internal carbocycles were reduced to
afford 4,5,9,10-tetrahydropyrene (3n). This protocol was
extended to the preparation of partially reduced compounds of
1,2,3,4,8,9,10,11-octahydrotetraphene and 1,2,3,10,11,12-hex-
ahydroperylene, by the reduction of related PAH precursors (3o
and 3s). It was interesting to note that the hydrogenation of
pentacene unexpectedly afforded 1,2,3,4,6,8,9,10,11,13-decahy-
dropentacene 3p by selective reduction of three carbocycles. A
further interesting observation was that four side carbocycles in
bianthracene were hydrogenated to form hexadecahydro-9,90-
bianthracene (3q). This differs fromwhat was observed in the Cr
Scheme 3 Co-catalyzed selective hydrogenation of PAHs. PAH (0.2
mmol), CoBr2 (0.02mmol), diketimine (0.02mmol), Mg (0.4 mmol), H2

(8 MPa), THF (2 mL), 60 �C, 48 h. Isolated yields. aYields of compounds
that were formed by reducing one side arenes of PHAs. b60 h. cMg (3.5
equiv.) was used.

39936 | RSC Adv., 2021, 11, 39934–39939
catalysis protocol; the formation of a mixed regioisomer (3r and
3r0) was found in the hydrogenation of tetracene by Co catalysis.
This reaction was not tolerable for substrates bearing reducible
groups such as Br, COOR, COOH, CHO, CN and NO2.

The diketimine–Co-catalyzed hydrogenation protocols can
be utilized to reduce substituted olens (Scheme 4).5c,5d,7a,7b The
double bonds were reduced, with retention of the phenyl and
naphthyl groups, affording linear or branched alkylarene motifs
in good yields. Moreover, olen hydrogenation using diketi-
mine–ligated Co complexes took place smoothly (Scheme 5).

To examine whether a low-oxidation-state Co species is
formed by the reduction of a CoBr2 salt with magnesium, we
performed X-ray photoelectron spectroscopy (XPS) analysis of
the oxidation states of Co in the stoichiometric reactions of
CoBr2 with diketimine in the absence or presence of magne-
sium. Downshi signals with a shi distance of 0.89 eV for the
Co 2p components in the related spectra were observed when
conducting the reaction with magnesium in THF (Fig. 1). This
shows that low-oxidation-state Co species are formed in situ by
the reduction of CoBr2 with magnesium, which then serve as
active species to initiate the hydrogenation. The p-acceptors
(arenes, olens etc.) are able to stabilize low oxidation state
reactive metal spices. Previously, it has been reported that Co
catalyzed reaction were initiated by the substitution of the labile
arenes molecules by p-acceptor substrates.7i Jacobi von Wan-
gelin et al. have reported arene–Co and arene–Fe catalysts for
hydrogenations of olens, alkenes, etc. and found that slow
hydrogenation of anthracene occurred when there was no
suitable p-acceptor.7i We also performed controlled experi-
ments of the low-cost CoBr2 salt withmagnesium in the absence
of diketimine ligand (Table 1, entry 13), but were failed to get
hydrogenated anthracene. Additionally, we also checked the
Jacobi von Wagelin's arene–M(0) complexes,7i using anthracene
instead of diketimine as ligand for the catalytic hydrogenation
of olifens but were unable to get hydrogenated products.

Reaction proles for the Co-catalyzed hydrogenation of
anthracene were investigated. The formation of two-side-
Scheme 4 Diketimine–Co-catalyzed hydrogenation of olefins.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Testing the catalytic activities of diketimine–Co complexes
in hydrogenation of olefins.

Fig. 1 XPS analysis of stoichiometric reaction mixtures of CoBr2 with
diketimine ligand in the absence or presence of metallic magnesium.

Fig. 2 Reaction profiles for Co-catalyzed hydrogenation of
anthracene.
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aromatic-reduced product 3a was observed in Co catalysis
within the rst 10 hours (Fig. 2), and the hydrogenation rate for
the conversion of 2a to 3a increased.

The scalability of the hydrogenation of anthracene was
examined on gram scale. It was found that performing the Co-
catalyzed reactions on the scale of 10 mmol did not affect the
Scheme 6 Gram-scale hydrogenation of 1a and 4p.

© 2021 The Author(s). Published by the Royal Society of Chemistry
efficiency of site-selective hydrogenation, hence permitting the
scalable preparation of 3a and 5p (Scheme 6).

Conclusions

In summary, we have developed an economic and site-selective
hydrogenation of challenging PAHs with earth-abundant Co
catalysis.20 arene–Co and arene–Fe catalysts for hydrogenations
of olens, alkenes, ketones, and imines have been previously
reported by Jacobi von Wangelin et al.7i in this study, we used
low-cost and commercially available CoBr2 salts as precatalysts
combined with diketimine ligand and air-stable magnesium as
the reductant for site-selective hydrogenation of two side
aromatic hydrocarbons of PAHs and olens. A wide range of
PAHs such as tetracene, tetraphene, perylene, pentacene, and
bianthracene were amenable to the hydrogenation, providing
a cost-effective and clean strategy for the synthesis of two-side-
aromatic-reduced polycyclic hydrocarbon motifs in high site
selectivity. The high reactivity of Co catalysis with diketimine
ligand indicates that the methodology outlined herein will have
potential applications in the hydrogenation of challenging
substrates.
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(i) P. Büschelberger, D. Gärtner, E. Reyes-Rodriguez,
F. Kreyenschmidt, K. Koszinowski, A. Jacobi von Wangelin
and R. Wolf, Chem.–Eur. J., 2017, 23, 3139–3151.

8 (a) Y.-Q. Zou, S. Chakraborty, A. Nerush, D. Oren, Y. Diskin-
Posner, Y. Ben-David and D. Milstein, Highly Selective,
Efficient Deoxygenative Hydrogenation of Amides Catalyzed
by a Manganese Pincer Complex via Metal–Ligand
Cooperation, ACS Catal., 2018, 8, 8014–8019; (b)
F. Kallmeier, T. Irrgang, T. Dietel and R. Kempe, Highly
Active and Selective Manganese C¼O Bond Hydrogenation
Catalysts: The Importance of the Multidentate Ligand, the
Ancillary Ligands, and the Oxidation State, Angew. Chem.,
Int. Ed., 2016, 55, 11806–11809; (c) R. van Putten,
E. A. Uslamin, M. Garbe, C. Liu, A. Gonzalez-de-Castro,
M. Lutz, K. Junge, E. J. M. Hensen, M. Beller, L. Lefort and
E. A. Pidko, Non-Pincer-Type Manganese Complexes as
Efficient Catalysts for the Hydrogenation of Esters, Angew.
Chem., Int. Ed., 2017, 56, 7531–7534.

9 (a) W. Liu, B. Sahoo, K. Junge and M. Beller, Cobalt
Complexes as an Emerging Class of Catalysts for
Homogeneous Hydrogenations, Acc. Chem. Res., 2018, 51,
1858–1869; (b) M. D. Greenhalgh, A. S. Jones and
S. P. Thomas, Iron-Catalysed Hydrofunctionalisation of
Alkenes and Alkynes, ChemCatChem, 2015, 7, 190–222.

10 Selected examples of hydrogenation of arenes: (a)
M. P. Wiesenfeldt, Z. Nairoukh, W. Li and F. Glorius,
Hydrogenation of uoroarenes: Direct access to all-cis-
(multi)uorinated cycloalkanes, Science, 2017, 357, 908–
912; (b) M. P. Wiesenfeldt, T. Knecht, C. Schlepphorst and
F. Glorius, Silylarene Hydrogenation: A Strategic Approach
that Enables Direct Access to Versatile Silylated Saturated
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07266h


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 2

/7
/2

02
6 

11
:5

7:
11

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Carbo- and Heterocycles, Angew. Chem., Int. Ed., 2018, 57,
8297–8300; (c) Y. Wei, B. Rao, X. Cong and X. Zeng, Highly
Selective Hydrogenation of Aromatic Ketones and Phenols
Enabled by Cyclic (Amino)(alkyl)carbene Rhodium
Complexes, J. Am. Chem. Soc., 2015, 137, 9250–9253; (d)
R. Kuwano, R. Morioka, M. Kashiwabara and
N. Kameyama, Catalytic Asymmetric Hydrogenation of
Naphthalenes, Angew. Chem., Int. Ed., 2012, 51, 4136–4139.

11 (a) S.-C. Qi, X.-Y. Wei, Z.-M. Zong and Y.-K. Wang,
Application of Supported Metallic Catalysts in Catalytic
Hydrogenation of Arenes, RSC Adv., 2013, 3, 14219–14232;
(b) A. Gual, C. Godard, S. Castilloń and C. Claver, Soluble
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