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NiMn layered hydroxide compounds have been found to be efficient catalysts for the oxidative dehydro-
genation of N-heterocycles by molecular oxygen under mild conditions. Various tetrahydroquinoline
derivatives and some other N-heterocycles have been found to be tolerated by the catalytic system. A
synergistic effect between Ni and Mn has been observed in the reaction. A kinetic study concluded that
the dehydrogenation of 1,2,3,4-tetrahydroquinoline is a first-order reaction, and an apparent activation
energy of 113 kJ/mol has been obtained. A probable reaction mechanism comprising an imine interme-
diate has been proposed according to the obtained results and XPS analysis. The key catalytic site for
the dehydrogenation is thought to be Mn3+, which could be stabilized by Ni2+ in the hydrotalcite
structure.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

Dehydrogenation is an important procedure for accessing N-
containing heterocycle compounds, which are common intermedi-
ates in pharmaceutical and biological active molecules. Up to now,
various homogeneous catalysts originated from the metal com-
plexes or salts of Ir [1–4], Ru [5], Fe [6,7], Rh [8], Pd [9,10], Cu
[11], and Co [12–14] have been reported for transformation in
the presence or absence of an acceptor. o-Quinone has also been
found effective by Stahl [15] in the dehydrogenation. However,
homogeneous systems make it complicated to separate the cata-
lyst and purify the product, and it is hard to achieve high catalytic
efficiency, sustainability, and cost-effectiveness.

In this context, heterogeneous catalysts are very attractive for
their advantages of reusability, low cost, and simple process. Some
heterogeneous catalysts, including supported Ru [16–18],
FeOx@NGr–C (modified iron oxide nanoparticles loaded on carbon)
[19], RhCNT/TBC (carbon-nanotube-anchored rhodium nanoparti
cles/4-tert-butylcatechol) [20], Cu(0)/Al2O3 [21], Cu/TiO2 [22],
Co3O4-NGr/C/K2CO3 [23], PdHAP (hydroxyapatite-bound Pd cata-
lyst) [24], AuNPs/C (graphite-supported gold nanoparticles)/
NaHCO3 [25], and Pt nanowire [26], have been prepared and inves-
tigated in the dehydrogenation of N-heterocycles. However, noble
metals, additives, or harsh conditions were always required for
these catalytic systems, and sometimes complicated methods have
to be applied to prepare the catalysts. The establishment of an effi-
cient heterogeneous catalytic system based on readily available
materials is highly desirable in view of the principles of practical
chemistry. Mesoporous manganese oxide as a heterogeneous cata-
lyst has been found by Suib and co-workers to be feasible for aerobic
oxidative dehydrogenation under relatively mild reaction condi-
tions [27]. However, the catalytic system suffered from low effi-
ciency and the limited scope of substrates. Very recently, Gong
et al. reported that graphene oxide (GO) could be applied as a cata-
lyst in the transformation [28], but a considerable amount ofNa2CO3

was required as an additive. Moreover, the catalytic efficiency and
the selectivity of the aromatic products was not very satisfied.

In the course of our study on the development of efficient cata-
lysts for aerobic oxidation, layered hydroxide compounds (LDHs)
have shown outstanding activity in the catalytic transformation
of alcohols to carbonyl compounds [29,30]. Actually, the LDHs have
a great application potential because of the adjustability of their
composition and physicochemical properties [31–34]. Further-
more, these compounds can be conveniently prepared in large
quantities from commercially available materials [35,36]. These
features of LDHs inspired us to further investigate their catalytic
performance in the oxidative dehydrogenation of N-containing
heterocycle compounds. In the literature, hydrotalcites are mainly
used as catalysts or supports in the dehydrogenation of alcohols
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[37,38], cyclohexane [39], and ethylbenzene [40,41]. Recently, a
Ni–Mg–Al layered triple-hydroxide-supported Pd catalyst has been
found to be effective in the acceptorless dehydrogenative aromati-
zation of cyclohexanols/cyclohexanones and cyclohexylamines to
the corresponding phenols and anilines [42]. To the best of our
knowledge, there is no report of the hydrotalcites being used in
the dehydrogenation of N-heterocycles.

Initially, various LDHs consisting of different cations were
tested in the aerobic dehydrogenation of 1,2,3,4-tetrahydro-
quinoline. The results in Table S1 in the Supplementary Material
show that the conversion of the substrate was higher under the
catalysis of the samples containing Cu, Co, or Mn. On the other
hand, the selectivity to quinoline was low for most of these sam-
ples, except Ni2Co and Ni2Mn LDHs, with the latter being slightly
more selective. On the basis of this preliminary study, a series of
NiMn LDHs with different Ni/Mn ratios were synthesized, charac-
terized, and studied in the oxidative dehydrogenation of
N-heterocycles by molecular oxygen. The synergistic effect
between the Ni and Mn cations, kinetic analysis, and the reaction
mechanism are also discussed.
2. Experimental

2.1. Chemicals and reagents

All the reagents and solvents in the study were analytically pure
and were purchased from Energy or Aladdin and used as received.
Some N-heterocycles, including 3-methyl-1,2,3,4-tetrahydroquino
line, 4-methyl-1,2,3,4-tetrahydroquinoline, 7-methyl-1,2,3,4-tetra
hydroquinoline, 8-methyl-1,2,3,4-tetrahydro- quinoline, 6-meth
oxyl-1,2,3,4-tetrahydroquinoline, 6-fluoro-1,2,3,4-tetrahydroquino
line, 6-chloro-1,2,3,4- tetrahydroquinoline, 2-phenyl-1,2,3,4-tetra
hydroquinoline, and 2,3-dimethyl-1,2,3,4-tetrahydroquinoxaline,
were prepared by the reduction of corresponding precursors using
NaBH4 (AR) as a reductant [43]. Other substrates (98–99% purity)
were also purchased from Energy or Aladdin and used as received.

2.2. General procedure for the preparation of layered hydroxide
compounds

All the LDH samples in the present research were prepared
through a co-precipitation method. Taking Ni2Mn-LDH as an exam-
ple, 0.04 mol (11.63 g) of Ni(NO3)2�6H2O and 0.02 mol (2.52 g) of
MnCl2 were dissolved in 100 mL deionized water to prepare solu-
tion A; and 0.04 mol (1.6 g) of NaOH and 2.8 g of NH3�H2O (25–
28%) were dissolved in 100 mL deionized water to form solution
B. Then solution A was added dropwise with stirring (350 rpm)
to solution B at 30 �C. After the resulting solutions was digested
at 80 �C for 24 h, the resulting precipitate was washed to neutrality
with deionized water. The residue was then dried at 120 �C for 12 h
to give a powdery Ni2Mn-LDH sample. Other samples with differ-
ent cations and Ni/Mn ratios were obtained by similar procedures.

2.3. Characterization of NiMn layered hydroxide compounds

Powder X-ray diffraction (XRD) patterns of the NiMn LDHs were
collected on a Rigaku D/max 2500 PC X-ray diffractometer. The
content of Ni and Mn was obtained via inductively coupled plasma
analysis (ICP) in a Varian Vista-AX device. FTIR spectroscopy and
scanning electron microscopy (SEM) were carried out on a Nicolet
PROTÉGÉ 460 FTIR spectrometer and a JEOL JSM-6360LA scanning
electron microscope, respectively. Thermogravimetric measure-
ments and N2 adsorption/desorption studies of these compounds
were performed in a Seiko Instrument TG/DTA Model 32 and a
Micromeritics ASAP2010C apparatus, respectively. A Thermo Sci-
entific ESCALAB 250Xi instrument was used for X-ray photoelec-
tron spectroscopy (XPS) measurements with an incident
radiation of nonmonochromatized MgKa X-rays (50 eV) at an elec-
tron takeoff angle of 60�.

2.4. Aerobic dehydrogenation of 1,2,3,4-tetrahydroquinoline

Typically, a mixture of 1,2,3,4-tetrahydroquinoline (0.50 mmol),
Ni2Mn-LDH (80 mg), and mesitylene (2 mL) in a carousel reaction
tube was magnetically stirred at 120 �C under 1 atm of oxygen.
The reaction was monitored and analyzed through a gas chro-
matograph (Shimadzu GC-2010AF) with a flame ionization detec-
tor (FID). After completion of the reaction, the reaction mixture
was cooled and separated by filtration to recycle the catalyst. After
being washed with solvent and dried at 120 �C for 12 h, the recy-
cled catalyst was reused under similar conditions. The conversion
of the substrate and the selectivity of quinoline were obtained on
the basis of GC analysis (chlorobenzene was used as the internal
standard reference). The quasi-turnover frequency (qTOF) value
was calculated on the basis of the GC analysis and Mn content in
the catalyst with a conversion lower than 10%. The conversion,
selectivity, and qTOF are defined as follows:

Conversionð%Þ ¼ moles of reactant converted
moles of reactant in feed

� 100%;

Selectivityð%Þ ¼ moles of product formed
moles of reactant converted

� 100%;

qTOFðh - 1Þ ¼ moles of reactant converted
moles of total active sites � reaction time

:

2.5. Catalytic dehydrogenation of other N-heterocyclic amines

A mixture of N-heterocyclic amine (0.50 mmol), Ni2Mn-LDH
(80 mg), and mesitylene or DMF (2 mL) in a carousel reaction tube
was stirred at 120 �C under 1 am oxygen. After the completion of
the reaction, monitored by TLC (thin-layer chromatography, petro-
leum ether/ethyl acetate 10:1 (v/v)), the mixture was cooled and
purified using flash chromatography to give the corresponding
product. NMR spectra were recorded on a Bruker ADVANCE 400-
NMR spectrometer (400 MHz). Silica gel 60 F254 thin-layer chro-
matography plates (Sinopharm) was used for thin-layer chro-
matography with petroleum ether/ethyl acetate (10:1 v/v) as the
mobile phase.

3. Results and discussion

3.1. Characterization of NiMn layered hydroxide compounds

Characteristic LDH reflections for all the NixMn-LDHs can be
observed from the powder XRD patterns depicted in Fig. 1. The
sharp and symmetrical peaks at about 11� and 22� can be assigned
to the (0 0 3) and (0 0 6) planes, respectively; the broad and asym-
metrical peaks observed between 33� and 47� are for the (0 1 2), (0
1 5), and (0 1 8) planes [44–46]. The results indicate that some
amount of Mn2+ was oxidized to Mn3+ during the preparation,
because trivalent cations are essential for the formation of the
hydrotalcite structure [47,48]. Actually, Mn4+ was also formed dur-
ing the co-precipitation, because both Mn3+ and Mn4+ were found
through the XPS analysis (Section 3.4). Therefore, a possible oxida-
tion path from Mn2+ to Mn3+ and Mn4+ was proposed (Scheme 1)
concerning the alkaline environment during the preparation of
NiMn hydrotalcites. It can be observed from the reflections related
to the planes (1 1 0) and (1 1 3) that the crystallinity decreases
with the increase of Ni/Mn ratio [49,50]. About 7.94 Å was



Fig. 1. The XRD patterns of NixMn-LDH samples.

3Mn2+ 2Mn3++ 2O2 3H2O+ + 6OH+Mn4+

Scheme 1. The possible oxidation path of Mn2+ to Mn3+ and Mn4+.

Table 2
Optimization of the reaction conditions:

a

Entry Catalyst Solvent Conv./%b Sel./%b

1 Ni2Mn-LDH DMF 90 85
2 Ni2Mn-LDH DMSO 76 74
3 Ni2Mn-LDH Acetonitrile 29 20
4 Ni2Mn-LDH Mesitylene >99 86
5 Ni2Mn-LDH Dioxane 26 18
6 Ni2Mn-LDH Benzotrifluoride 82 73
7 Ni2Mn-LDH Benzonitrile 96 78

a Reaction conditions: 1,2,3,4-tetrahydroquinoline 0.5 mmol, catalyst 100 mg,
temperature 100 �C, reaction time 12 h, solvent 2 mL, under oxygen.

b Based on GC analysis. The by-products were not quantified.
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obtained for the basal spacings of NixMn-LDHs by calculating from
the (0 0 3) reflection, suggesting that the main anions in the inter-
layers of all the samples were mainly OH� and CO3

2� [51]. Further,
the FTIR spectra (Fig. S2 in the Supplementary Material), TG-DTG
curves of NixMn-LDHs (Fig. S3), and SEM image (Fig. S4) indicate
that hydrotalcite structures were formed for all the samples. The
Ni/Mn ratios were also consistent with the theoretical values from
ICP analysis (Table 1).

N2 adsorption/desorption measurement was performed to
explore the textural parameters of the NiMn hydrotalcites (Table 1
and Fig. S5). The analysis results indicate that the BET surface area
of these samples changes irregularly, while the pore volumes and
the average pore diameters of these NiMn LDHs decrease with
the increase of the Ni/Mn ratio. Compared with the common NiAl
LDH [29], the pore volumes and average pore diameter increase
when Al is replaced with Mn in hydrotalcites. These phenomena
might be due to the change of the microscopic morphology for
the different cations in the brucite layer [52,53].

3.2. Catalytic activity of NiMn layered hydroxide compounds

3.2.1. Optimization of the reaction conditions
First, dehydrogenation of 1,2,3,4-tetrahydroquinoline was

selected as a model reaction using Ni2Mn-LDH as a catalyst to opti-
mize the reaction conditions. Concerning the solvent, the results
summarized in Table 2 show that both polar and nonpolar solvents
gave higher conversions, while much lower activity was observed
in the solvents with medium polarity. Almost full conversion of
Table 1
Sample notation and chemical composition of NixMn-LDHs.

Sample Weight content (%) Ni:Mn SBET (m

Ni Mn

Ni2Mn-LDH 35.1 16.1 2.18 124 (4
Ni3Mn -LDH 36.6 11.2 3.26 98
Ni4Mn -LDH 39.6 9.6 3.86 64
Ni5Mn -LDH 42.7 7.9 5.38 98

a The data in parentheses are for the second recycled sample.
1,2,3,4-tetrahydroquinoline and high selectivity to quinoline were
observed in mesitylene. Although comparable selectivity was
obtained under DMF (N,N-dimethylformamide), the conversion
was slightly lower. These results suggest that a nonpolar solvent
could provide higher reactivity for dehydrogenation.

For the reaction temperature, it is found that the reaction rate
markedly increased at higher temperature, and the dehydrogena-
tion could finish in 1.5 h at 140 �C. However, the highest selectivity
and yield of the corresponding product were obtained at 120 �C
with a reaction time of 2 h (Fig. 2). A higher reaction temperature
and prolonged reaction time would result in the formation of
overoxidation product and decrease of the selectivity.

The amount of catalyst was optimized under the selected con-
ditions (Fig. S6). The yield of quinoline was highest, with almost
complete conversion, when 80 mg of Ni2Mn-LDH was used for
0.5 mmol of substrate. Further increasing the amount of catalyst
resulted in deep oxidation and reduction of the selectivity. Finally,
the catalytic activities of these NixMn LDHs with different Ni/Mn
ratios were compared under optimized conditions. The results in
Fig. 3 and Table 3 show that Ni2Mn-LDH exhibited the highest con-
version and selectivity, although Ni4Mn-LDH showed the highest
qTOF value. The results might be related to the SBET and the content
of Mn, which reached the highest value for Ni2Mn-LDH. To check if
the surface property affected the catalytic performance, these sam-
ples were qualitatively analyzed by testing the pH value of their
suspension, which is a general method for analyzing the surface
properties of hydrotalcites [29,30]. Weak acidity was observed
for the present samples (Table S2). Temperature-programmed des-
orption of ammonia (NH3 TPD) is an efficient method for measur-
ing the acidity of samples, but the high temperature needed during
the pretreatment must destroy the structure of LDHs samples.
Therefore, the number of acidic sites in the catalysts was analyzed
qualitatively using Hammett indicators. The results showed that
the number of acidic sites decreased as the Ni/Mn ratio increased,
but the difference was quite small, suggesting that the surface
acidity might have little effect on the catalytic performance.
2/g) Pore volume (cm3/g) Average pore diameter (nm)

7.4) a 0.36 (0.09)a 11.8 (5.25)a

0.26 10.7
0.22 10.3
0.17 7.1



Fig. 2. The effect of temperature on the dehydrogenation. Reaction conditions:
1,2,3,4-tetrahydroquinoline 0.5 mmol, Ni2Mn-LDH 100 mg, mesitylene 2 mL, 1 atm
oxygen.

Fig. 3. The catalytic performance of NixMn-LDHs (x = 2, 3, 4, 5) in the dehydro-
genation. Reaction conditions: 1,2,3,4-tetrahydroquinoline 0.5 mmol, catalyst 80
mg, temperature 120 �C, mesitylene 2 mL, under oxygen.

Table 3
Comparison of the catalytic activity of NixMn-LDHs.a

Entry Catalyst Conv./%b Sel./%b qTOF/h�1

1 Ni2Mn-LDH >99 92 43
2 Ni3Mn-LDH 93 89 61
3 Ni4Mn-LDH 59 78 71

4 W. Zhou et al. / Journal of Catalysis 361 (2018) 1–11
Compared with mesoporous manganese oxide (for which the
yield was 95%) [27], a comparable yield of dehydrogenation pro-
duct was obtained. However, the mesoporous manganese oxide
system only gave a TON (turnover number) of 1.7 in 20 h, whereas
the present catalytic system could present a high qTOF value
(43 h�1, Table 3, entry 1) under optimized conditions. In
conclusion, NiMn LDHs have been developed as an efficient
catalyst for the aerobic oxidative dehydrogenation of 1,2,3,4-
tetrahydroquinoline.
4 Ni5Mn-LDH 49 72 26

a Reaction conditions: 1,2,3,4-tetrahydroquinoline 0.5 mmol, catalyst 80 mg,
temperature 120 �C, reaction time 2.5 h, mesitylene 2 mL, under oxygen.

b Based on the GC analysis.
3.2.2. The scope of substrates
With the establishment of optimized conditions, various

tetrahydroquinoline derivatives were investigated in the catalytic
system (Table 4). When methyl was substituted at the 2-, 3-, or
4-site, the substrates were well tolerated (entries 2–4), and moder-
ate yields were obtained. It should be noted that the reaction per-
formed under DMF could give higher yields of the corresponding
dehydrogenated products for the substrates with longer reaction
times. These results indicated that mesitylene could provide higher
reactivity than DMF in these cases. However, the lower activity of
DMF might suppress the formation of the overoxidation products
and give better selectivity of the corresponding dehydrogenation
products, which could explain the relatively higher yields in
DMF. From the reaction time needed for the full conversion of sub-
strates, a steric effect might exist in the transformation, which was
also observed in the case of the PdHAP catalytic system [24]. When
the aromatic ring was substituted with a methyl or methoxyl
group, little effect could be observed (entries 5–7). Interestingly,
for halogen substituents at the 6 position, bromide gave the high-
est yield of 88%, while only about 40% yield could be obtained for F
and Cl. These results suggest that electronic effect has a significant
influence on the reaction. The strong electron-withdrawing groups
F and Cl reduce the reactivity of the substrates, which can also be
concluded from the reaction time. When Cl was located at an 8 site,
an excellent 91% yield of the corresponding product was obtained,
indicating that the Cl at the 8 site has lower impact on the reaction
than at the 6 site. Interestingly, a phenyl at the 2 position conferred
a much higher reactivity on the substrate, which was fully con-
verted in 4 h (entry 13). The observation indicates that the CAH



Table 4
Scope of the oxidative dehydrogenation of tetrahydroquinoline derivatives.a

Entry Substrate Product Reaction time/hb Isolated yield/%b

1 2.5 85

2 6 (24) 54 (71)

3 8 (24) 53 (66)

4 6.5 (24) 58 (74)

5 4 67

6 4 71

7 3.5 75

8 6 68

9 9.5 39

10 8 44

11 5 88

(continued on next page)
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Table 4 (continued)

Entry Substrate Product Reaction time/hb Isolated yield/%b

12 4 91

13 4 93

14 9 52

15 7 50

16 7.5 56

a Reaction conditions: substrate 0.5 mmol, Ni2Mn-LDH 80 mg, temperature 120 �C, mesitylene 2 mL, under oxygen.
b The data in brackets were obtained using DMF as the solvent.
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bond is activated by the phenyl ring. It is also concluded that the
oxidative dehydrogenation reaction is more prone to be affected
by electronic effects than by steric hindrance. Moreover, some dis-
ubstituted substrates were introduced into the investigation, and
moderate yields of the corresponding products were obtained.
Compared with 6-bromo-1,2,3,4-tetrahydroquinoline, 6-bromo-2-
methyl-1,2,3,4-tetrahydroquinoline gave only a 50% yield, which
might be ascribed to the hindrance of the methyl group (entry 15).

The high reactivity of the tetrahydroquinoline derivatives
inspired us to explore the applicability of the NiMn LDH catalytic
system in other N-containing compounds. The results in Table 5
indicate that the current catalytic system tolerates various N-
containing aromatic heterocycles under optimized conditions.
The dehydrogenation of 1,2,3,4-tetrahydroquinoxaline and its
derivatives gave good results for the corresponding products
(entries 1 and 2). A moderate yield of isoquinoline could be
obtained in the case of 1,2,3,4-tetrahydroisoquinoline (entry 3).
Concerning 2,3-dihydroindole and its substituted variants, an
electro-withdrawing group benefited the dehydrogenation, and a
high 89% yield was obtained for the 5-nitroindoline (entries 4–6).
In the case of N-phenylbenzylamine, a low yield to 4 h (38%) was
observed (entry 7), with by-products benzaldehyde and aniline,
the formation of which could be ascribed to the oxidative cleavage
of the C@N bond [54]. The oxidation of the Hantzsch ester gave the
corresponding dehydrogenation product with an excellent yield
under a short reaction time (entry 8), which might be due to its
strong trend toward a stable aromatic ring.

3.2.3. The stability and recyclability of the NiMn layered hydroxide
compounds

Using 1a as a substrate, a hot filtration experiment was first per-
formed to probe the stability of the catalyst. After 50 min (at about
50% conversion), the filtrate without catalyst was sampled and stir-
red for the next 70 min; no further conversion of the substrate was
detected (Fig. 4). To further check the leaching of metals, the reac-
tion filtrate and a referential sample were analyzed by ICP. The
results showed that the amounts of Ni and Mn ions in the liquid
phase of catalytic reaction were only 111 � 10�9 and 33 � 10�9

g/mL, respectively, indicating that no leaching of Ni or Mn ions
occurred during the reaction.

The recyclability of Ni2Mn-LDH has also been studied. The
results (Fig. S7) indicate that a prolonged time was required to
obtain results similar to those for the fresh Ni2Mn-LDH. The cat-
alytic activity decreased significantly after reuse for three times;
therefore XRDwas used to monitor the change of recycled samples.
The XRD patterns shown in Fig. S8 confirm that the hydrotalcite
structure was retained after multiple recycles, but the crystallinity
significantly decreases concerning the reflections related to the
planes (1 1 0) and (1 1 3) [49,50]. The lattice parameters a and c
were calculated from the peaks associated with planes (1 1 0)
and (0 0 3) assuming a 3R stacking sequence (Table S3). Parameter
a (=2d110) is a function of cation–cation distance in the hydrotalcite
layer, which reflects the density of metal ion stacking in the (1 1 0)
plane [55,56]. The variation tendency mainly depends on the
cation size. In the present study, no significant change of the a
value was observed for the recycled samples, because only Ni
and Mn cations existed in the structure of NiMn LDHs. On the other
hand, the value of parameter c (=(3d003 + 6d006)/2) is the thickness
of one hydrotalcite layer and one interlayer [55–57]. It is regulated
by several factors such as the water content in the interlayer, the
size of anions between the brucite layers, the cations, and electro-
static interaction between anions and positively charged brucite-
like sheets [55,58]. For the recycled Ni2Mn-LDH samples, the c
value increased from 23.785 to 24.542 Å. The results might be
ascribed to the fact that electrostatic interaction between anions
and brucite-like sheets was weakened after recycling, because
other factors were all similar. Further, the decline was probably
due to the variation of valence of Mn cations; i.e., the proportion



Table 5
Oxidative dehydrogenation of other N-containing compounds under Ni2Mn-LDH.a

Entry Substrate Product Reaction time/hb Isolated yield/%b

1 9 69

2 6 79

3 6.5 51

4 8.5 45

5 15 89

6 20 31

7 24 38b

8 5 92

a Reaction conditions: substrate 0.5 mmol, Ni2Mn-LDH 80 mg, temperature 120 �C, mesitylene 2 mL, under oxygen.
b Based on GC analysis.
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of Mn cations with high valences decreased. The ratio of Mn2+/
Mn3+/Mn4+ could be estimated through XPS analysis results (Sec-
tion 3.4), and it changed from 1/9.5/2.9 to 1/3.6/2.8, indicating that
the proportion of Mn3+ decreased significantly after the reaction.
As a result, the catalytic activity of the recycled Ni2Mn-LDH
decreased, because Mn3+ was thought to be the more active site
(discussed in Section 3.4).

Next, N2 adsorption/desorption measurement was performed to
explore the change of the textural parameters of recycled Ni2Mn-
LDH. The SBET, pore volume, and average pore diameter were all
significantly decreased after the second recycle (Table 1), suggest-
ing that collapse and shrinkage of the NiMn hydrotalcite occurred
during the catalytic reaction. The change in textural parameters
might also be responsible for the deactivation of the catalyst.

3.3. Kinetic study

Prior to the kinetic study, the existence of pore diffusion limita-
tions inside the catalysts and the external diffusion effect were
examined. For the internal diffusion, a Weisz–Prater criterion
was applied in the catalytic system [59–61]:
/WP ¼ raRp2

CsDeff
: ð1Þ

The calculation was performed according to Ref. [60] for a sim-
ilar liquid-phase reaction, and the detailed calculation procedure
can be found in the Supplementary Material. The value of /WP

for each reactant (/WP|O2 = 1.458 � 10�2, /WP|tetrahydroquinolin =
3.879 � 10�4) is less than 0.3, which excludes the significant pore
diffusional limitations during the oxidative dehydrogenation of
1,2,3,4-tetrahydroquinoline in mesitylene under the selected con-
ditions [60]. Further, the external diffusion effect was tested by
adjusting the rotational speed (Fig. S9). The results show that
external diffusion could be neglected when the rotational speed
was higher than 150 rpm in the catalytic reaction.

The kinetic aspects of the reaction were studied by performing
time-dependent experiments at different temperatures (Fig. 5).
The results indicated that the dehydrogenation of 1,2,3,4-
tetrahydroquinoline is a first-order reaction, consistent with the
result for mesoporous manganese oxide catalyst [27].

For the experiments performed at different temperatures, k val-
ues can be correlated by an Arrhenius-type expression. The param-
eters of the Arrhenius equation,



Fig. 4. Hot filtration test. Reaction conditions: 1,2,3,4-tetrahydroquinoline 0.5
mmol, Ni2Mn-LDH 80 mg, temperature 120 �C, mesitylene 2 mL, under oxygen.

Fig. 5. First-order kinetics fit of dehydrogenation of 1,2,3,4-tetrahydroquinoline.
Reaction conditions: 1,2,3,4-tetrahydroquinoline 2 mmol, Ni2Mn-LDH 160 mg,
mesitylene 2 mL, under oxygen.

Fig. 6. Arrhenius plot for the oxidative dehydrogenation of 1,2,3,4-tetrahydro-
quinoline by Ni2Mn-LDH.

Table 6
Some controlled experiments.a

Entry Catalyst Additive Conv./% Sel./%

1 Ni2Mn-LDH – >99 92
2 – – trace –
3b Ni2Mn-LDH – 64 83
4 Mg2Mn-LDH – 70 23
5 Ni2Al-LDH – 8 67
6 Ni2Mn-LDH BHT c 96 39
7 Ni2Mn-LDH TEMPO c 93 97
8 Ni2Mn-LDH CCl3Br c 49 54
9 Activated MnO2 – 49 68

a Reaction conditions: 1,2,3,4-tetrahydroquinoline 0.5 mmol, catalyst 80 mg,
temperature 120 �C, reaction time 2.5 h, mesitylene 2 mL, under oxygen
atmosphere.

b Under nitrogen.
c Two equivalents of substrate.

8 W. Zhou et al. / Journal of Catalysis 361 (2018) 1–11
lnk ¼ lnA0 � Ea

RT
; ð2Þ

where Ea is the energy of activation (kJ/mol) and A0 is the pre-
exponential factor (min�1), can be deduced via the plot of ln k to
the 1/T depicted in Fig. 6.

A multiple regression analysis for the constants in Fig. 6 against
temperature with this expression led to a value of 113 kJ/mol for
the apparent activation energy (Ea). The value was higher than that
obtained in the case of mesoporous manganese oxide catalyst (8.3
± 0.2 kcal/mol) [27], but the present catalytic system exhibited a
higher reaction rate and better results under the selected
conditions.

3.4. Discussion of the synergy and mechanism

To gain further insight into the high activity of the NiMn LDHs,
some controlled experiments were performed (Table 6). Only a
trace of the substrate was transformed without catalyst, implying
that the catalyst was critical for the transformation of 1,2,3,4-
tetrahydroquinoline (entry 2). When the catalytic dehydrogenation
was performed under nitrogen, the substrate could be transformed
in a moderate conversion with reduced selectivity (entry 3), which
might be due to the limited number of lattice oxygens of Ni2Mn-
LDH [27].

Further, the preparation of Mg2Mn-LDH and Ni2Al-LDH was
tried according to a similar method to discuss the possible syner-
gistic effect between the Ni and Mn cations in the catalytic dehy-
drogenation, considering that Mg and Al are the most common
components of hydrotalcites. The XRD patterns of the two samples
depicted in Fig. S10 show that a hydrotalcite structure was formed
for Ni2Al-LDH, whereas the Mg2Mn sample could not give a pure
hydrotalcite structure. It is well known that M2+ and M3+ cations
are normal components of hydrotalcite. However, high spin Mn3+

d4 ions are susceptible to Jahn–Teller distortions. Jayashree et al.
have reported that Ni2+ can stabilize the Mn3+ cations in the hydro-
talcite structure through hybridization of the Mn(3d) orbitals with
the Ni(3d) orbitals to yield an average d electron configuration per
metal atom greater than 4 [62]. Therefore, the impure crystal
formed for Mg2Mn sample might be due to the fact that Mg2+ does
not have the ability to stabilize Mn3+. Then the two samples were
investigated in the oxidative dehydrogenation of the 1,2,3,4-
tetrahydroquinoline. Interestingly, a marked decrease of conver-
sion and selectivity was observed for the two samples (Table 6,
entries 4 and 5), suggesting that synergy might exist between
the Ni and Mn components.

A series of controlled experiments were conducted to get fur-
ther understanding of the reaction mechanism for the catalytic
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dehydrogenation. To examine the possibility of a radical reaction
pathway, BHT (2,6-di-tert-butyl-4-methylphenol), TEMPO (2,2,6,6
-tetramethylpiperidine-1-oxyl), and CCl3Br as radical scavengers
were introduced into the catalytic system. It could be observed
that these radical scavenges suppressed the reaction to some
extent, while the selectivity decreased significantly in the presence
of BHT or CCl3Br (Table 6, entries 6–8). These phenomena indicate
that radical intermediate might form in the reaction.

In addition, when N-methyl-1,2,3,4-tetrahydroquinoline (1q)
was applied as the substrate (Scheme 2), no dehydrogenation pro-
duct could be detected and almost 100% recovery could be
obtained based on GC analysis. The results suggested that the
presence of the NAH proton is critical for the dehydrogenation to
N N

N N

1q

1r

2q

2r

Scheme 2. Control experiments to show the importance of the N–H moiety.

N
H

N
H

N

Mnn+

SET

Mn(n-1)+

N
H

Mnn+Mn(n-1)+

1/2 O2H2O

n= 3 or 4.

Scheme 3. A possible reaction mechanism for the aerobic oxidation d

Fig. 7. The Mn2p XPS of Ni2Mn-LDH (A) before the reaction; (B) after
proceed. On the other hand, the reaction with 2,2,4,7-tetrame
thyl-1,2,3,4-tetrahydroquinoline (1r) could not result in the corre-
sponding dehydrogenation product (Scheme 2), indicating that
imine intermediate might form in the reaction. Furthermore, the
results also suggested that the direct formation of a C@C linkage
at 3,4-sites is impossible.

XPS was used to determine the surface manganese and nickel
valence and their variations. It can be observed from Fig. 7 that
the Mn2p region for all the samples contains a spin–orbit doublet
with Mn2p1/2 (653.0 eV) and Mn2p3/2 (642.5 eV). For the fresh Ni2-
Mn-LDH sample, the Mn2p3/2 spectrum could be fitted by three
peaks at 641.3, 642.5, and 644.6 eV, respectively. According to
the reported results [27,63–65], these peaks could be indexed to
Mn2+, Mn3+, and Mn4+ cations, respectively. The presence of Mn4+

may result in some difficulties to form the hydrotalcites; however,
there have been a few reports of LDHs that comprise quadrivalent
ions in small parts [62]. The content of Mn3+ in the present sample
evidently was the highest (Fig. 7A), consistent with the structure of
typical hydrotalcite compounds. When Ni2Mn-LDH was used in
dehydrogenation under N2 atmosphere, the Mn2p spectrum of
the material (Fig. 7B) showed a valence mixture of Mn3+ (642.6
eV) and Mn2+ (641.6 eV), indicating that the redox reaction hap-
pened. After the normal catalytic process, the manganese valence
recovered (Fig. 7C), suggesting that the catalytic cycle was finished.
The Ni2p spectra for the studied samples depicted in Fig. S11 show
similar spectra. The Ni2p3/2 (�855.8 eV) and Ni2p1/2 (�873.4 eV)
peaks accompanied by two satellite bands suggest the Ni2+ states
during the reaction [29,66,67], and no valence variation happened
N

N
H

H

1/2 O2 H2O

Mnn+Mn(n-1)+

Mnn+Mn(n-1)+

H

SET

ehydrogenation of 1,2,3,4-tetrahydroquinoline under Ni2Mn-LDH.

the reaction under nitrogen; (C) after the reaction under oxygen.
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to nickel cations. These XPS results implied that the dehydrogena-
tive pathway under the catalysis of Ni2Mn-LDH includes multielec-
tron transfer between the Mn cations and the substrate. As a
comparison, activated MnO2 was investigated in dehydrogenation
under the same conditions. Only about 49% of the 1,2,3,4-
tetrahydroquinoline was converted, with markedly lower selectiv-
ity (Table 6, entry 9), implying that the Mn3+ in the LDH structure
may play the key role in oxidative dehydrogenation.

Finally, the formation of hydrogen was tested through a GC
equipped with a thermal conductivity detector for the catalytic
reaction of 1a under N2. The results showed that no hydrogen
was produced during the reaction, suggesting that H2O molecules
were formed as the byproduct [19,27].

According to the obtained and reported results [6,19,27], we
assume that the dehydrogenation is initiated from single electron
transfer (SET) from nitrogen to Mn4+ or Mn3+ (Scheme 3). Then
the formed amine radical species underwent a CAH abstraction
to afford an imine intermediate with the formation of molecular
H2O and reoxidation of the reduced manganese. The imine inter-
mediate may be in equilibrium with an enamine. Finally, a new
SET from the electron-rich enamine followed by a second CAH
abstraction process affords the product. Alternatively, the enamine
may act as a hydride donor to reduce a metal-cation-activated
imine, which would afford the substrate and product [2,11,68].
4. Conclusions

In conclusion, NiMn hydrotalcites have been found to be an
easy-to-manufacture and efficient catalyst for the oxidative dehy-
drogenation of N-heterocycles by molecular oxygen. The present
catalytic system could tolerate various N-containing substrates. A
kinetic study concluded that the dehydrogenation of 1,2,3,4-
tetrahydroquinoline is a first-order reaction, with an apparent acti-
vation energy of 113 kJ/mol. XPS was used to monitor the variation
of manganese and nickel valence, and the results suggest that Mn3+

plays a key role in dehydrogenation. A synergistic effect between
Ni and Mn cations was observed; Ni2+ cations could stabilize
Mn3+ in the hydrotalcite structure. Further, a probable reaction
mechanism involving an imine intermediate is proposed according
to the results obtained.
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