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In this manuscript, we report an efficient 50
heterogeneously catalyzed acceptorless dehydrogenativg
aromatization of cyclic amines under relatively mild >
conditions. In the presence of a supported catalyst Pd/LDﬁ
(LDH = layered double hydroxide), various kinds of 53
structurally diverse cyclic amines including piperidines, 54
tetrahydro(iso)quinolines, and indolines could be convertedg
into the corresponding heteroarenes. Pd/LDH could b 6
reused several times though its catalytic activity graduall
declined due to the increase in the palladium particle size. g;

Keywords: Dehydrogenative Aromatization, Cyclic 59
amines, Palladium 60

61

Catalytic dehydrogenation is one of the most62
fundamentally important reactions in both bulk and fine
chemical production. In industrial alkene productions,
dehydrogenation has frequently been performed usin
heterogeneous catalysts under harsh reaction condition
Several homogeneous complexes have been utilized f
laboratory scale dehydrogenation-based fine chemic
synthesis in the presence of appropriate hydroge
acceptors.In recent years, development of functional group
transformation methods with low environmental load an
high atom efficiency under mild reaction conditions is
highly demanded, especially attention is focused o
development of reactions based on catalytic acceptorle
dehydrogenatiofi. For example, considering alcohol
oxidation, if the reaction can be realized as a highly efficien
catalytic acceptorless dehydrogenation,gds can be taken
out at the same time in addition to useful carbonyl
compoundsS. Therefore, development of catalytic
dehydrogenation systems plays an important role not onl 1
from a synthetic point of view but also ir Hroduction and 82
transportation. 83

From the above-mentioned viewpoint, we have
focused on developing several acceptorless dehydrogenati
aromatization systems using supported palladium
nanoparticles-based catalysts; namely, dehydrogenation
cyclohexanols/cyclohexanones to pheridliehydrogenation
of cyclohexylamines to anilin€g, transformation of
cyclohexanone oximes to anilin®,and synthesis of
symmetrically® and  unsymmetricall§  substituted
diarylamines (Scheme l1a). Based on these findings, we he
aimed to develop a highly efficient catalytic system for93
acceptorless dehydrogenation of cyclic amines to produc 4
heteroarenes. Heteroarenes are very important compoun
which are frequently seen in many pharmaceutftals.
Dehydrogenative aromatization of cyclic amines is drawin
attention as one of the methods for synthesizing heteroarem%j8

8 supported palladium nanoparticles on
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Schemel. (a) Our recently developed acceptorless
dehydrogenative aromatization reactions and (b) acceptorless
dehydrogenative aromatization of cyclic amines (this work).
LTH = Mg—AI-Ni layered triple hydroxide, LDH = Mg—Al
layered double hydroxide.

and many efficient catalytic systems using various kinds of
oxidants (hydrogen acceptors) have been recently
developed. Also, many efficient catalytic systems for the
acceptorless dehydrogenative aromatization of benzo-fused
N-heterocyclese.g., tetrahydro(iso)quinolines and indolines,
and piperazines have also been reported until Aow.
However, with respect to simple non-activated piperidines,
there are almost no reports so far, including systems using

hydrogen acceptofs; thus there is still room for
development?
Herein, we report an efficient acceptorless

dehydrogenative aromatization of cyclic amines by
layered double
hydroxide MgAl2(OH)16CCs- 4H0 (Pd/LDH) (Scheme 1b).

In the presence of Pd/LDH, dehydrogenative aromatization
of various kinds of structurally diverse cyclic amines
including  piperidines, tetrahydro(iso)quinolines, and
indolines efficiently proceeded to afford the corresponding
heteroarenes in moderate to high yields under relatively

mild conditions (80-125 °C). The choice of solvents was

6 very important to allow the reaction to proceed under mild

conditions, and aliphatic hydrocarbon solvents such as octane



©CoO~NOUTWNE

QU Ao DMDBEDBIAMDIMDIMBAEADIAMDIMNDRAWWWWWWWWWWNNNNNNNNNNNRERPRERPERERPERRERRERE
OCONOTOPRWNRPROOONOODUOPMWNROOONOUPRWNRPOOONOURMRWNRPOOONOOOMWNEO

gave good results. The observed catalysis was trulg0
heterogeneous in nature, and the Pd/LDH catalyst could k&l
reused at least four times for the reaction of a mode62
substrate (4-isopropylpiperidinela) though its catalytic 63
activity gradually declined due to the increase in the64
palladium patrticle size. 65
In our previous studies, we have found that only
palladium-based catalysts exhibited high performance for
dehydrogenative aromatization reactiénherefore, we
prepared supported palladium catalysts using various
supports by the following deposition-precipitation method
(Pd/support, support = LDH, ADs, CeQ, or TiQy).”
Support (1.0 g) was added to a 30 mL aqueous solution of
PdCE (8.3 mM) and KCI (two equivalents with respect to
PdCh, 16.7 mM). The mixture was vigorously stirred at
room temperature for 15 min. Then, the pH of the mixture
was adjusted to 10 by using an aqueous solution of NaOH
(1.0 M), and the resulting slurry was further stirred for 18 h
at room temperature. The solid was then filtered off, washed
with water €a. 3 L), and dried in vacuo overnight to afford
Pd/support as light brown powder. 66
The X-ray photoelectron spectroscopy (XPS)67
spectrum of the freshly prepared Pd/LDH catalyst showe&8
that the binding energies of Pds3dand Pd 3¢. were 69
341.1eV and 335.9eV, respectively (Figure Sla),70
indicating that the oxidation state of the palladium specieg1
was +2. The X-ray diffraction (XRD) pattern of Pd/LDH 72
was almost the same as that of the parent LDH support, art8
no obvious signals due to palladium oxides and hydroxide34
were detected (Figure S2a, b). Thus, Pd(ll) hydroxide75
species are likely highly dispersed on LDH. To begin with,76
we conducted the acceptorless dehydrogenativ@7
aromatization ofla to 4-isopropylpyridine Za) in the 78
presence of Pd/LDH. The Pd/LDH-catalyzed reaction in79
octane efficiently proceeded under relatively mild 80
conditions (120 °C) in comparison with previously reported81
dehydrogenation systeffis?including our systemSgiving 82
the desired?a in 95% vyield for 2 h without detectable by- 83
products (Table 1, entry 1). It was confirmed by volumetric84
measurement and MS analysis of the evolved gas that thr&s
equivalents of H gas with respect t®a was produced 86
during the reaction. Under the present conditions, th&7
reaction hardly proceeded in the absence of the catalysts 88
the presence of just LDH (Table 1, entry 16). 89
The color of Pd/LDH was changed from initial light 90
brown to black within a few minutes after the start of the91
reaction. After completion of the reaction, the catalyst wa®92
recovered, and its XPS spectrum was measured. The pea®3
due to the binding energies of Pds3d&nd Pd 3¢. were 94
observed at 339.9eV and 334.5eV, respectively95
(Figure S1b). Therefore, the Pd(ll) species in the freshiyd6
prepared catalyst was reduced to Pd(0) species during ti®¥
reaction. The XRD pattern of the used Pd/LDH indicatedd8
that the structure of LDH was maintained and no large99
palladium particles were formed during the reactiod00
(Figure S2c). The transmission electron microscopy (TEM)01
analysis of the used catalyst revealed that palladiub®2
nanoparticles were formed on the surface of LDH (avera$e3

2

Table 1. Acceptorless dehydrogenative aromatizatioriafto
2a under various conditioAs

)\G Catalyst )\G
— > | + 3H,
NH ~N
la 2a

Entry  Catalys Solveni Time/h Yield/ %
1 Pd/LDH Octan 2 95

2 Pd/LDH Cyclooctan: 2 18

3 Pd/LDH p-Xylene 2 24

4 Pd/LDH Mesitylene 2 20

5 Pd/LDH DMA 2 17

6 Pd/LDH Diglyme 2 3

7 Pd/LDH DMF 2 1

8 Pd/Al,0s Octang 2 88

9 Pd/CeC, Octant 2 73
1C Pd/TIO, Octang 2 58
11 Pd/C Octang 2 82
12 LDH Octant 3 <1

8Reaction conditionsla (0.5 mmol), catalyst (metal: 3 mol%),
solvent (2 mL), 120 °C, Ar atmosphere (1 atm). Yields were
determined by GC analysis using decane as the internal standard.

particle sizeday) = 3.9 nm, standard deviatios) (= 1.1 nm,
Figure S3a). Based on the above experimental results, it was
revealed that in situ generated Pd(0) nanoparticles were the
active species for the present acceptorless dehydrogenative
aromatization.

The effect of solvents on the reaction laf appeared
markedly. Among the solvents examined such as octane,
cyclooctane,p-xylene, mesityleneN,N-dimethylacetamide
(DMA), diethyleneglycol dimethyl ether (diglyme)N,N-
dimethylformamide (DMF), a linear aliphatic hydrocarbon
solvent octane showed the best result (Table 1, entry 1). The
reaction in a cyclic alkane solvent cyclooctane gazen
only 19% vyield (Table 1, entry 2). When the reactioriaf
was carried out under the conditions described in Table 1
using aromatic solvents such psylene and mesitylene,
the yields of2a were 24% and 20%, respectively (Table 1,
entries 3 and 4). For several reported functional group
transformations by palladium nanoparticle catalysts,
aromatic solvents have been utilized so far, and our research
group has also often used aromatic solvents previously.
However, we recognized that aromatic solvents are not
suitable for reactions by palladium nanoparticle catalysts
from the results of the above-mentioned solvent effect and
the fact that the addition of an aromatic compound such as
naphthalene completely inhibited the reactioiaf® Also,
polar solvents such as DMA, diglyme, and DMF were not
effective for the reaction dfa (Table 1, entries 5-7).

For the reaction ofla, supported palladium catalysts
prepared by the similar procedure as above, such as
Pd/ALOs, Pd/Ce@, and Pd/TiQ and commercially
available Pd/C also gave the desidin moderate to high
yields (Table 1, entries 7-10). The average particle sizes of
the catalysts used were almost the same (Table S1), thus
indicating that the effect of supports was not so significant.
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We also prepared Ru/LDH, Rh/LDH, Ir/LDH, and Au/LDH 59
according to the similar procedure as above and performeg0
the reaction ofla using these catalysts; howevea,did not 61
produce at all (Table S2). To date, Pt(0) nanoparticlé?2
catalysts have been often utilized for acceptorles$3
dehydrogenative aromatization of organic hydrides such a4
methylcyclohexane under harsh conditions (typically65
>300 °C)!* Thus, we examined the reaction td in the 66
presence of a commercially available supported Pt(0H7
catalyst Pt/AlOs; however,2a was not produced at all 68
(Table S2). In addition, commercially available Ru@d 69
was not effective (Table S2). Therefore, it is due to the70
specific catalysis of Pd(0) nanoparticles that acceptorlesgl
dehydrogenative aromatization of cyclic amines could ber2
realized under relatively mild conditions like this system. 73
To establish whether the observed catalysis for th&4
acceptorless dehydrogenative aromatizatiodabccurred 75
heterogeneously on Pd/LDH or was a result of the presencé&
of leached palladium species in the reaction solution, th&7
catalyst was removed by hot filtration 1.5 h after the78
reaction was started (ed. 60% conversion ofa) under the 79
conditions described in Figure S4a, and the reaction wal0
restarted with the filtrate under the same conditions. Th&1l
production of2a immediately ceased upon the removal of82
Pd/LDH (Figure S4a). Additionally, after the reaction, the83
filtrate was analyzed using inductively coupled plasma34
atomic emission spectroscopy (ICP-AES), and it was35
observed that the palladium species was barely detectabB6
(below 0.01%). Consequently, the observed catalysis for th87
reaction was determined to be truly heterogené&oidter 88
the reaction was completed, Pd/LDH could easily be89
retrieved from the reaction mixture by simple filtration with 90
more than 90% recovery. We performed the repeated reu$d
experiments using the retrieved catalyst. Although Pd/LDHA2
could be reused at least four times for the reactidkapits 93
catalytic activity unfortunately gradually declined; 92% 94
yield of 2a with the fresh catalyst and 72% vyield for the 95
fourth reuse under the conditions described in Figure S4196
We confirmed by the TEM analyses that the averag®7
palladium particle size gradually increased during the98
repeated reuse experiments; the average particle size af@9®
the first run was 3.9 nm and increased up to 6.7 nt®0
(0 = 2.6 nm) after the third reuse experiment (Figure S3d)01
Therefore, the deactivation is likely caused by the increa$62
in the palladium particle size. 103
With the optimized reaction conditions, the substraté04
scope for the proposed Pd/LDH-catalyzed acceptorle¥65
dehydrogenative aromatization was investigated. As show06
in Table 2, various cyclic amines including piperidinel07
tetrahydro(iso)quinoline, and indoline derivatives could b£08
converted into the corresponding heteroarenes undd)9
relatively mild conditions (80-125 °C). When piperidined10
substituted with an alkyl group at the 2-, 3-, or 4-positioh11
(1a-1d) were used as the substrates, the reaction proceedd@
efficiently to give the corresponding monoalkylated 13
pyridines in moderate to high yields (Table 2, entries 1-4)14
2-Phenylpiperidinel) also gave the corresponding pyridine115
116

117

Table 2. Scope of the proposed Pd/LDH-catalyzed acceptorless
dehydrogenative aromatization of cyclic amies

Entry Substrate Product T/ °C, t/ h Yield/ %
1 S 120,295
NH la _N 2a
2° /(j | 100,18 74
N 1b @ b
H
3b \O | 100,18 58
N lc = 2
N N
4b \G | 100,18 48
NH  1d N 2
A
5 D | 120,2 84
Ph N le Ph N/ 2e
6 /(j\ B 120,18 >99
N 1f P2
H
7 O | 125,18 54
N Ig v 2
H
g S 00,3 85
NH 1h ZN 2h
9 ©fj _ m 120,18 58
N li Nz 2i
10 ©j} ‘ N 80,18 79
N 1j N 2j
H H
80, 18 53¢

@Reaction conditions: substrate (0.5 mmol), Pd/LDH (Pd: 3 mol%),
octane (2 mL), Ar atmosphere (1 atm). Yields were determined by
GC analysis using decane as the internal stantiaegtane (2 mL)
was used as the solveflblMA (2 mL) was used as the solvent, and
the yield was determined using biphenyl added to the solution after
the reaction as the internal stand@@minoindole was formed as
the by-productda. 20%).

in a good yield (Table 2, entry 5). The reaction of 2,6-
dimethylpiperidine If) also proceeded efficiently to afford a
guantitative yield of 2,6-dimethylpyridine (Table 2, entry 6),
indicating that the influence of the steric crowding around
the nitrogen atom is not considered significant. It is
noteworthy that this reaction system was also applicable to
the reaction of non-substituted piperidingg)( (Table 2,
entry 7). The reaction of benzo-fused piperidines such as
tetrahydroisoquinoline 1h) and tetrahydroquinoline 1i)
gave isoquinoline and quinoline, respectively (Table 1,
entries 8 and 9). The reaction of indolineég @nd 1k)
smoothly proceeded even at 80 °C (Table 1, entries 10 and
11). In the case of 6-nitroindolinelk(), 6-nitroindole was
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obtained as the major product with concomitant formation 067
6-aminoindole as the by-product (Table 2, entry 11). 58
Finally, the reaction pathway for the Pd/LDH- 59
catalyzed acceptorless dehydrogenative aromatization &0
piperidines was investigated. The reaction profile for the6l
Pd/LDH-catalyzed reaction dfe exhibited that an imine 62
2,3,4,5-tetrahydro-6-phenylpyridine 3¢ was detected 63
during the reaction albeit in only small amounts (Figure S5)64
suggesting that the reaction proceeds through the imine
intermediate. In our previous reports of palladium-
nanoparticles-catalyzed dehydrogenative aromatization 36
cyclohexanones or cyclohexylamines, the reactions wer
composed of the rate-limiting substrate dehydrogenatio
followed by the fast disproportionatidrwe considered that 7q
the proposed Pd/LDH-catalyzed aromatization of cyclic71
amines also proceeds through such a dehydrogenatiof2
disproportionation sequence. Thus, we prepargel 74
according to the reported procedure, and the reacti@e of
was carried out under the standard conditions. As shown ing
Figure S6, it was confirmed that the corresponding pyridine7
2e was formed by the imine disproportionation. However,78
the production rate de starting from3e was significantly
smaller than that starting frode (Figure S6évs Figure S5).
In a separate experiment, we confirmed that the presence 3%
an excess of an imine relative to the catalyst strongh83

inhibited the amine dehydrogenation; the additioBefl1.3 84
equivalents tdla) in the reaction ofla totally inhibited the gg

dehydrogenation while the disproportionation &e 87
preferentially occurred (Table S3). We interpret thesegg
experimental results as follows. Firstly, acceptorless89
dehydrogenation of an amine proceeds to afford an imin80
intermediate (Scheme 2a). Then, the corresponding pyridi 1
is immediately formed through disproportionation before 2
the imine accumulates (Scheme 2b-1). However, since thgg
possibilty of a direct dehydrogenation pathway 95
(Scheme 2b-2) cannot be completely denied, we consid&6
that further detailed investigations are necessary. 98

99
100
101
R{j - 102

N 103
104
105
106
107
108

(a) Piperidines to imine intermediates
O

N

H

(b) Imines to pyridines

Pd/LDH

b-1) Disproportionation

3R~O R@ + ZR@ 109
— =

y " N 110

H 111
b-2) Direct dehydrogenation

112
€J »
R R + 2H,
= z

113
N N

Pd/LDH

114
115
116

Scheme 2. Plausible reaction path for the Pd/LDH-cataIyze%%g
acceptorless dehydrogenative aromatization of piperidines. 119
120
121
122
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