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Although cataly.tic dehydn_)genative zjlrornatization o +NH, PA@Mg(OH), A

from cyclohexanones and NHj is an attractive synthetic method for R—(:/I/ —me > RT —> Ry +2H,
primary anilines, using a hydrogen acceptor was indispensable to
achieve satisfactory levels of selectivity in liquid-phase organic S : Easier

. . g g 2 g Inhibited ﬂ\ : adsorption
synthetic systems without photoirradiation. In this study, we adsorption :
developed a highly selective synthesis of primary anilines from
cyclohexanones and NHj; via efficient acceptorless dehydrogenative

N NH

aromatization heterogeneously catalyzed by an Mg(OH),- R _(j/ou . deh‘;;‘;g’g";sgﬁon R H
supported Pd nanoparticle catalyst in which Mg(OH), species \F ’ AN

are also deposited on the Pd surface. The basic sites of the Ru \OR
Mg(OH), support effectively accelerate the acceptorless dehydro- I Adeoroti rol I Concerted catalvel I

genative aromatization via concerted catalysis, suppressing the Sofpfion contro W oncerec ey

formation of secondary amine byproducts. In addition, the
deposition of Mg(OH), species inhibits the adsorption of cyclohexanones on the Pd nanoparticles to suppress phenol formation,
achieving the desired primary anilines with high selectivity.

acceptorless dehydrogenative aromatization, adsorption control, ammonia, concerted catalysis, primary anilines

synthesis of primary anilines via dehydrogenative aromatiza-
tion from cyclohexanones using NH; as the nitrogen source in
the presence of a hydroxyapatite (HAP)-supported Pd
nanoparticle catalyst (Pd/HAP) (Figure 1¢).%* However, this

Primary anilines are important basic chemicals widely utilized
in diverse fields such as organic synthesis, pharmaceuticals,
agrochemicals, dyes, electronic materials, polymers, and other

industrial chemicals." These relevant compounds are conven- method requires a stoichiometric amount of styrene as the
tionally prepared via classical nitration of arenes followed by hydrogen acceptor to avoid undesirable conversion of primary
reduction of nitrobenzenes;> however, this multistep process anilines to secondary anilines, which occurs preferentially via
requires a large amount of acids and cannot directly utilize reductive N-alkylation with cyclohexanones or cyclohexani-
NH; as the nitrogen source, which is highly convenient mine intermediates (Figure 1c).® Although we also reported
because NHj is industrially produced from N, and H, in large new hydrogen acceptor-free synthesis methods for primary
quantities. Up to now, various methods have been developed anilines from cyclohexanones, using hydroxylamine or
for the synthesis of primary anilines using NHj, for example, hydrazine as the nitrogen source was indispensable to achieve
transition metal-catalyzed cross-coupling reactions between high efficiency and selectivity,sbic Recently, a homogeneously
aryl halides or arylboronic acids and NH; (Figure 1a),” phenol catalyzed photoredox acceptorless dehydrogenative amination
conversion to anilines using NH; via a dearomatization/ from cyclohexanones and NH; to access primary anilines was

rearomatization sequence (Figure 1b),4’5 and C—H amination
of arenes with NH,.® Unfortunately, these approaches require
prefunctionalization, (super)stoichiometric amounts of bases,
and/or addition of reductants, and the substitution patterns of
arene substrates are limited to ortho/meta/para orientation.
In this context, the catalytic dehydrogenative aromatization
of nonaromatic compounds like cyclohexanones, which can be
regioselectively functionalized without the limitation of ortho/
meta/para orientation, offers an environmentally friendly tool
to access various aromatic compounds without using leaving or
directing groups.” '’ In 2019, we developed a selective

developed.” Despite these impressive achievements, the
selective synthesis of primary anilines from NH; via thermally
catalyzed acceptorless dehydrogenative aromatization remains
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Figure 1. Synthesis of primary anilines using NH; as the nitrogen
source.

as an important challenge mainly because of difficulties in
selectivity control.""

In recent years, our group has focused on the design of Pd-
based heterogeneous catalysts for efficient dehydrogenative
aromatization reactions.”'” Especially, concerted catalysis
between supported Pd nanoparticles and neighboring basic
sites of the support, e.g, a layered double hydroxide (LDH),
was revealed to be important to achieve an efficient
dehydrogenative aromatization of cyclohexanones (cyclo-
hexanols) and cyclohexanone oximes to phenols and primary
anilines, respectively.Sb’10‘""b Considering that reductive N-
alkylation between primary anilines and cyclohexanimine
intermediates to secondary anilines is a common side reaction
in the acceptorless dehydrogenative aromatization to primary
anilines,”™ we envisioned that using basic supports could
promote the desired dehydrogenation of cyclohexanimine
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intermediates to efficiently afford primary anilines, inhibiting
the formation of secondary amines. However, concerted
catalysis using basic supports could result in the formation of
phenols via direct dehydrogenation of cyclohexanones. "
Thus, phenol formation must be also inhibited to produce
primary anilines with high selectivity.

In our previous work, the preferential adsorption of styrene
on the Pd nanoparticle surface was the key to inhibit side
reactions like hydrogenation of secondary imines to the
corresponding secondary amine byproducts, enabling the
selective dehydrogenative aromatization to primary anilines
(Figure 1¢).** In addition, we found that phenol formation was
also suppressed to a considerable extent due to styrene
adsorption when analyzing the phenol synthesis via dehydro-
genative aromatization using an LDH-supported Pd nano-
particle catalyst (Pd/LDH, LDH = MgcAl,(OH);(CO;)-
4H,0) in the absence or presence of styrene (Scheme S1).
Therefore, if the Pd nanoparticle surface was suitably modified
by something other than hydrogen acceptors, phenol
formation from cyclohexanones would be inhibited via
adsorption control even under the acceptorless conditions.
Given the aforementioned concerted catalysis with basic
supports and the general deactivation by coverage of the
catalyst surface,'” basic supports-immobilized Pd nanoparticle
catalysts with the surface modification by the basic supports
will be promising for the efficient selective acceptorless
dehydrogenative aromatization to primary anilines.

Herein, we describe the successful development of a
selective acceptorless dehydrogenative aromatization to
primary anilines from readily available cyclohexanones using
NH; as the nitrogen source and an Mg(OH),-supported Pd
nanoparticle catalyst in which Mg(OH), species are deposited
on the Pd surface (Pd@Mg(OH),) (Figure 1d). By combining
the concerted catalysis with the basic support and the
adsorption control via Pd nanoparticle surface modification,
high selectivity to primary anilines was achieved. The catalyst
was confirmed to be heterogeneous and reusable several times
without severe loss of its catalytic performance. Also, a wide
substrate scope was demonstrated, selectively affording
structurally diverse primary anilines in high yields via
acceptorless dehydrogenative aromatization.

Pd@Mg(OH), was prepared via deposition—precipitation of
Pd species in water using MgO as the support, which was
converted into Mg(OH), during this process, followed by
NaBH, reduction (Figure Sla) (Pd: 2.8 wt % determined by
an inductively coupled plasma atomic emission spectroscopy
(ICP-AES)). We also prepared an Mg(OH),-supported Pd
nanoparticle catalyst without the deposition of Mg(OH),
species on the Pd surface (Pd/Mg(OH),) by supporting Pd
species on Mg(OH), which is produced in advance via the
reaction of MgO with water and reducing the Pd species using
NaBH, (Figure S1b) (Pd: 2.8 wt % determined by ICP-AES).
The presence of Mg(OH), in Pd@Mg(OH), and Pd/
Mg(OH), was confirmed via X-ray diffraction (XRD), which
also revealed the absence of Pd species in the XRD patterns
(Figure 2a). The X-ray photoelectron spectroscopy (XPS)
results of the freshly prepared Pd@Mg(OH), and Pd/
Mg(OH), catalysts were almost the same around the Pd 3d
region, revealing their similar electronic states and Pd’/Pd**
ratios (~77/23) (Figure 2b). According to transmission
electron microscopy (TEM) observations, Pd species having
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Figure 2. Characterization of Pd@Mg(OH), and Pd/Mg(OH),: (a)
XRD patterns of Pd/Mg(OH), (purple), Pd@Mg(OH), (blue), and
Mg(OH), (green); (b) XPS spectra of Pd@Mg(OH), and Pd/
Mg(OH),; black dot line: data points; blue and green solid lines:
deconvoluted signals; red dash line: sum of the deconvoluted signals;
(c—f) TEM images and Pd nanoparticle distributions of Pd@
Mg(OH), and Pd/Mg(OH),; (g) DRIFTS of CO chemisorption on
Pd@Mg(OH), (blue) and Pd/Mg(OH), (pink); (h) HAADF-STEM
image of PdA@Mg(OH), and (i) the corresponding EDS line profile
across the particle at the position indicated by the yellow arrow.
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an average size of ~3.6 nm were dispersedly supported on
Mg(OH), in both Pd@Mg(OH), and Pd/Mg(OH), (Figure
2c—f). Moreover, the strength and number of basic sites of the
two catalysts were found to be similar by performing
Knoevenagel condensation reactions using active methylene
substrates with different pK, (Table S1), considering the
difference of the corresponding Brunauer—Emmett—Teller
(BET) surface areas (Pd@Mg(OH),: 21 m*/g, Pd/Mg(OH),:
51 m?/g). Taken together, these results revealed that Pd@
Mg(OH), and Pd/Mg(OH), exhibited similar support
structures, Pd oxidation states, Pd electronic states, Pd
nanoparticle sizes, and basicity; however, the color of Pd@
Mg(OH), was shallow gray, whereas that of Pd/Mg(OH), was
deep gray-black (Figure S1). In addition, both catalysts were
subjected to diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) analysis to evaluate the CO
chemisorption on the Pd nanoparticles. In Figures 2g and
S2, the spectra after CO adsorption (Poo = ~200 Torr)
followed by 20 min evacuation at room temperature are shown
after Kubelka—Munk transformation using the spectra in vacuo
before CO adsorption as the backgrounds, indicating only an
extremely small CO chemisorption peak in the bridged region
in the case of PA@Mg(OH), and large peaks in both linear
and bridged regions for Pd/Mg(OH), (Figure 2g). These
results suggested that CO can be easily adsorbed on Pd/
Mg(OH),, whereas the CO adsorption was suppressed on
Pd@Mg(OH),.

Moreover, when these catalysts were used for the
disproportionation reaction of 2-cyclohexen-1-one to cyclo-
hexanone and phenol, which is supposed to occur rapidly on
Pd nanoparticles,**" only Pd/Mg(OH), promoted the
disproportionation under mild reaction conditions (Scheme
S2). These results indicated the presence of some species on
the surface of Pd nanoparticles of Pd@Mg(OH),, which would
account for the different reactivity of both catalysts. To further
clarify the surface structure of Pd@Mg(OH),, high-angle
annular dark field-scanning TEM (HAADF-STEM) was
conducted on Pd@Mg(OH), and Pd/Mg(OH), (Figures 2h,
S3, and S4), which seemed to suggest the presence of
deposited compounds on the Pd nanoparticles of Pd@
Mg(OH),. Then, elemental mappings were measured using
STEM-energy dispersive X-ray spectroscopy (EDS) of Pd@
Mg(OH), (Figure SS) to obtain an EDS line profile (Figure
2h,i), clearly revealing the presence of an Mg(OH), support
region without Pd species (~0—3.5 nm) and a Pd nanoparticle
region with Mg and O species (~3.5-9.0 nm) whose counts
are smaller than those of the Mg(OH), support region, which
strongly suggested that Mg(OH), species were deposited on
the Pd nanoparticles of Pd@Mg(OH),. In contrast, STEM—
EDS mappings and an EDS line profile of Pd/Mg(OH),
indicated almost no count of Mg and O species in the Pd
nanoparticle region (Figures S6 and S7), which revealed the
absence of Mg(OH), species on the surface of Pd nano-
particles of Pd/Mg(OH),. Overall, these results confirmed the
successful preparation of Mg(OH),-supported Pd nanoparticle
catalysts with or without Mg(OH), species deposited on the
Pd surface, which possessed almost the same support
structures, oxidation states and electronic states of Pd species,
Pd nanoparticle sizes, and basicity.

After optimizing several conditions (Tables S2—S7), the
effect of using different supported Pd nanoparticle catalysts
(Pd/Support) and Pd@Mg(OH), (the respective loading
amounts of Pd catalysts determined by ICP-AES are
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summarized in Table S8) on the acceptorless dehydrogenative
aromatization from 4-methylcyclohexanone (la) to the
corresponding primary aniline (2a) was investigated in N,N-
dimethylacetamide (DMA) solvent at 190 °C for 30 min under
4 atm of NH, (Table 1). Among the examined catalysts, Pd@

Table 1. Effect of Supported Pd Catalysts on the
Acceptorless Dehydrogenative Aromatization from la and

NH; to 2a“
NH; (4 atm
/(:/r° CataI;s(t (5 mZ)I%) 2a 3a 4da
DMA (2 mL) N N
1a 190 °C, 30 min /©/ \O\ /O/ \O\
5a 6a
yield (%)
conv.

entry catalyst (%) 2a 3a 4a Sa 6a
1 Pd@Mg(OH), 96 71 3 3 <1 <1
2° Pd/Mg(OH), 99 63 s 13 <1 <1
3 Pd/LDH >99 41 10 26 1 1
4 Pd/HAP >99 816 1 10 <1
s Pd/CeO, 98 60 9 11 5 1
67  Pd/C >99 4 19 <1 11 <1
7 Pd/ALO, >99 37 12 110 4
Pd/ZrO, >99 23 11 <1 6 3
9 Pd/TiO, >99 25 7 <1 10 8
10° Mg(OH), 87 <1 <1 <1 <1 <1
11*  Pd@Mg(OH), >99 56 24 <l 6 1
12/ Pd/Mg(OH), >99 3 26 <1 7 1
13¢  Pd/HAP + Mg(OH),  >99 60 1S 1 7 <1

“Reaction conditions: 1a (0.3 mmol), NH; (4 atm), catalyst (Pd: S
mol %), solvent (DMA: 2 mL), 190 °C, 30 min. All reactions were
conducted in a 40 mL pressure tube. All conversions and yields were
determined via GC analysis using n-hexadecane as an internal
standard. DMA = N,N-dimethylacetamide. LDH = layered double
hydroxide (MgsAlL(OH),((CO;)-4H,0). HAP hydroxyapatite.

Average values of two runs. “Average values of three runs. de/ C:
51% water was contained in the catalyst. “Mg(OH), (60 mg), 1 h.
TBenzoic acid (0.05 eq. to la) was added to the reaction. #Physical
mixture of Pd/HAP and Mg(OH), (60 mg).

Mg(OH), provided the best results, affording 2a in 71% yield
and negligible amounts of 4-methylcyclohexylamine (3a), 4-
methylphenol (4a), or secondary amines (5a and 6a) as
byproducts (Table 1, entry 1). In contrast, a considerable
amount of 4a was formed in the presence of Pd/Mg(OH),
despite having the same Mg(OH), support (Table 1, entry 2),
which can be attributed to the aforementioned difference in
the surface of these two catalysts. Overall, in the presence of
basic supports like Mg(OH), and LDH (Table S1), the
formation of secondary amines was suppressed, whereas
phenol was significantly produced except for the case of
Pd@Mg(OH), (Table 1, entries 2 and 3). In contrast, in the
presence of supports having acidic or comparatively weakly
basic sites, the formation of secondary amines was inevitable
and phenol was hardly produced except for the case of Pd/
CeO, (Table 1, entries 4—9). It should be noted that the
electronic states and nanoparticle sizes of the supported Pd
nanoparticle catalysts (Table S9) were not correlated with the
catalytic performance for the present selective primary aniline
synthesis. The Mg(OH), support alone did not promote the
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dehydrogenative aromatization to 2a while the condensation
between 1a and NH; occurred to produce the corresponding
cyclohexanimine, confirming that Pd nanoparticles are the
active species in this dehydrogenation reaction (Table 1, entry
10). After the Pd@Mg(OH),-catalyzed reaction, H, gas was
detected in the gas phase via gas chromatography—mass
spectrometry (GC—MS), indicating that this reaction was an
acceptorless dehydrogenative process. This catalytic system
was also confirmed to be heterogeneous by performing a hot
filtration experiment followed by ICP-AES analysis of the
filtrate (Pd: below the detection limit) (Figure S8a), and Pd@
Mg(OH), was demonstrated to be reusable for at least three
times without a significant decrease in the 2a yield (Figure
S8b), although TEM observation of Pd@Mg(OH), after the
third reuse revealed that the average Pd nanoparticle size
increased to 5.5 nm during the reusability test (Figure S9; see
Supporting Information for details).

To gain more insight into the support effect on the present
acceptorless dehydrogenative aromatization to primary ani-
lines, several control experiments were conducted. Adding
benzoic acid to the Pd@Mg(OH),-catalyzed reaction system
resulted in a loss of selectivity to aniline 2a with a decrease in
the amount of phenol 4a and an increase in the production of
secondary amine Sa and cyclohexylamine 3a (Table 1, entry
11). The same tendency was observed when using Pd/
Mg(OH), with benzoic acid (Table 1, entry 12). These results
suggested that the basic sites of Mg(OH), promoted the
dehydrogenative aromatization to primary anilines and
phenols. In addition, a physical mixture of Pd/HAP and
Mg(OH), showed almost the same catalytic performance for
the present reaction as Pd/HAP (Table 1, entry 13), indicating
that the basic sites of Mg(OH), near Pd nanoparticles
promoted the dehydrogenation reactions via concerted
catalysis. According to the proposed reaction pathway (Figure
1d), the concertedly catalyzed dehydrogenative aromatization
of cyclohexanimine intermediates, which are formed via the
condensation of cyclohexanones and NHj; would inhibit
secondary amine formation when using basic supports such as
Mg(OH),. To further clarify the promotion effect of the basic
supports, the dehydrogenative aromatization was conducted
starting from 3a via amine oxidation to cyclohexanimine 1a’
under 4 atm of NH; (Table S10). As a result, the use of basic
supports such as LDH and Mg(OH), led to a high selectivity
to 2a with almost no formation of secondary amines (Table
S10, entries 1—3)." In contrast, a weakly basic HAP-supported
Pd catalyst resulted in the formation of considerable amounts
of Sa (Table S10, entry 4). Meanwhile, adding benzoic acid to
the Pd/Mg(OH),-catalyzed 3a dehydrogenation system
resulted in the formation of Sa and a decrease in the 2a
yield (Table S10, entry 5). Using the physical mixture of Pd/
HAP and Mg(OH), did not increase the 2a yield, albeit a small
decrease in the yield of Sa was observed (Table S10, entry 6).
These results are consistent with those of the dehydrogenative
aromatization from la and NH; (Table 1) and confirmed that
basic supports such as Mg(OH), promoted the dehydrogen-
ation of cyclohexanimine intermediates to primary anilines via
concerted catalysis, which efficiently suppressed the formation
of secondary amines.

An investigation of the reaction profile for the Pd@
Mg(OH),-catalyzed dehydrogenative aromatization of 1la to
2a under the optimized conditions revealed that a large
amount of 2a and a small amount of 3a and 4a were produced
at the same time and that the yield of 3a and 4a did not

https://doi.org/10.1021/jacsau.3c00049
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decrease when performing the reaction for 2 h (Figure S10).
These results indicate that the main pathway to 2a is the
condensation of la and NHj followed by a fast acceptorless
dehydrogenative aromatization of intermediate la’ to 2a,
which is consistent with the aforementioned concerted
catalysis promoting the dehydrogenation of 1a’ and suppress-
ing secondary amine formation. In fact, generally, the
dehydrogenative aromatization starting from 3a afforded 2a
in much lower yields than those obtained in the dehydrogen-
ative aromatization from la and NH; (Tables 1 and S10),
suggesting that cyclohexylamine oxidation to cyclohexanimine
intermediates is comparatively difficult and can be ruled out as
the main pathway to primary anilines. Moreover, when the
dehydrogenative aromatization of cyclohexanone (1b) to
aniline (2b) was conducted using the Pd@Mg(OH),-catalyzed
system with the addition of 4a, the dearomatization/rear-
omatization of 4a to la did not occur at all (Scheme S3).
Thus, the reduction of 4a is not the reason for the lack of
formation of 4a in the dehydrogenative aromatization to 2a
using Pd@Mg(OH),.

To investigate why 4a was hardly produced in the Pd@
Mg(OH),-catalyzed acceptorless dehydrogenative aromatiza-
tion of 1a to 2a despite the presence of the Mg(OH), support,
the acceptorless dehydrogenative aromatization of 1a to 4a was
performed without NH; using the supported Pd catalysts Pd@
Mg(OH),, Pd/Mg(OH),, Pd/LDH, and Pd/HAP at 160 °C
to measure the respective initial 4a production rates (Figure
3). As a result, Pd/LDH and Pd/Mg(OH), showed high

©  Ppdisupport OH
Jont
12 DMA (4 mL) 4a
(0.3 mmol) Ar, 160 °C
80 -
2 Pd/Mg(OH),
- 60 1 \ =3.58 mM/min .~
5 “ ¢ PdILDH
5§41 “v = 3.30 mM/min
s
£
$201 Pd@Mg(OH),
3 v =0.067 mM/min Pd/HAP
0 10 20 30 40 50
Time (min)

Figure 3. Reaction profiles showing initial 4a production rates on the
acceptorless dehydrogenative aromatization of la to 4a catalyzed by
different supported Pd catalysts. Reaction conditions: 1a (0.3 mmol),
Ar (1 atm), Pd/Support (Pd: 5 mol %), DMA (4 mL), 160 °C.

catalytic activity to produce 4a, whereas Pd@Mg(OH), and
Pd/HAP hardly catalyzed the reaction,'* which is consistent
with the observed tendency in the formation of 4a in the
acceptorless dehydrogenative aromatization of 1a to 2a (Table
1, entries 1—4). The basicity of the supports revealed by the
Knoevenagel condensation test (Table S1) suggests that the
basic sites of Pd/LDH and Pd/Mg(OH), promoted effectively
the dehydrogenation to 4a via concerted catalysis, whereas Pd/
HAP was inactive because of its weak basicity. However, Pd/
Mg(OH), and Pd@Mg(OH), possess a similar basicity;
therefore, this cannot be invoked as the reason behind the
lack of reactivity of Pd@Mg(OH), toward 4a formation.
Considering the different Pd nanoparticle surface structure of
Pd/Mg(OH), and Pd@Mg(OH),, the adsorption of 1a on the
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Pd nanoparticle active sites of Pd@Mg(OH), was probably
inhibited by the deposition of Mg(OH),, which suppressed the
direct dehydrogenative aromatization of 1a to 4a.

Meanwhile, the desired dehydrogenative aromatization of
cyclohexanimine 1a’ to 2a efficiently occurred when using
Pd@Mg(OH),, suggesting the preferential inhibition of
cyclohexanone adsorption on Pd nanoparticles. To verify the
adsorption control on Pd nanoparticles, hydrogenation
reactions of 1a, la’ (formed in situ from la and NH;), and
N-(4-methylcyclohexylidene)aniline were performed using H,
as the reductant over Pd/Mg(OH), or Pd@Mg(OH), (Figure
4). The hydrogenation of 1a was found to be more difficult on

100
90 —
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70 —
60 —
50 —
40 —

0
20 - 27%
20

10% I
10 —
0

/li:f i [/(:/r NH]
H, lCat. H, i cat. H, i Cat.

H

Qo7 07 00
Figure 4. H,-hydrogenation reactions demonstrating the difference of
substrate adsorption on Pd nanoparticles between Pd@Mg(OH), and
Pd/Mg(OH),. Reaction conditions (Pd catalyst: S mol %, DMA 2
mL): 1a (0.3 mmol), H, (S atm), 120 °C, 9 h; 1a (0.3 mmol), NH,

(4 atm), H, (2 atm), 40 °C, § h; N-(4-methylcyclohexylidene)aniline
(0.3 mmol), H, (2 atm), r.t,, 2 h.

Pd@Mg(OH),

N Pd/Mg(OH), 76%

34%

23% I

9%

0

Yields of reduced compounds (%)

Pd@Mg(OH), than on Pd/Mg(OH), (10% yield vs 27%
yield, respectively), and the hydrogenation of 1a’ was slightly
affected by the Mg(OH), deposition on Pd nanoparticles
(23% yield vs 34% yield, respectively), which indicated that the
adsorption of 1a on the Pd nanoparticles of Pd@Mg(OH), is
more difficult than that of la’. In this regard, previously
reported theoretical studies suggested that substrates with CO
groups prefer to adopt planar 77* adsorption modes such as di-&
adsorption and 7 adsorption on Pd species,'” whereas
Schauermann and co-workers revealed that a substrate with
CN groups exhibits a stable top-mode adsorption on Pd
species.'® Accordingly, the Mg(OH), deposition of Pd@
Mg(OH), could effectively inhibit the planar 7* adsorption
modes of cyclohexanones on Pd nanoparticles while favoring
the vertical adsorption mode of cyclohexanimines.'” In
addition, a great difference between Pd/Mg(OH), and Pd@
Mg(OH), was found for the hydrogenation of N-(4-
methylcyclohexylidene)aniline (Figure 4), suggesting that the
secondary imine adsorption was suppressed to a much larger
extent on the Pd nanoparticles of Pd@Mg(OH)Z.18 Thus, in
the desired dehydrogenative aromatization to primary anilines,
Mg(OH), deposition on the surface of Pd nanoparticles can
also suppress undesired secondary amine formation. All these
results confirmed the importance of adsorption control via
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modification of the Pd surface for the enhancement of the
selectivity to the desired primary anilines.

On the basis of the results presented here and the previous

- 7,810 .

reports on dehydrogenative aromatization, the following
reaction mechanism can be proposed for the selective
acceptorless dehydrogenative aromatization of cyclohexanones
and NH; to primary anilines using Pd@Mg(OH), (Figure S).

o
NH,3
R H,0 "
. : NH Adsorption
b4 : Control
- :
CPd) o
Mg(OH), Concerted
Catalysis
. a-C-H
adsorption activation \ HN 1
H*
5D o ) B
Mg(OH), Mg(OH);
H B-hydride
evoluztion H elimination
H
2 H* NH /OH NH
Concerted /OH Mg(OH), 2
Catalysis Mg(OH); A
R I —=5 Ry
dehydrogenation

and/or
disproportionation
Figure S. Proposed reaction mechanism for primary aniline synthesis
by Pd@Mg(OH),-catalyzed acceptorless dehydrogenative aromatiza-
tion via concerted catalysis and adsorption control.

First, the condensation of cyclohexanones and NH; forms
cyclohexanimine intermediates. After the adsorption of the
imines on Pd nanoparticles, a-C—H bond activation occurs via
deprotonation/metalation promoted by concerted catalysis
between the Pd nanoparticle active sites and the basic sites of
Mg(OH),. Then, a,f-unsaturated imines are formed by f-
hydride elimination with formation of Pd—H species, followed
by successive dehydrogenation and/or disproportionation on
the Pd nanoparticles to produce the desired primary anilines.'”
Finally, the Pd—H species accepts a proton to generate H,,
thereby closing the catalytic cycle. The concerted catalysis
between the Pd—H species and the protonated basic sites of
Mg(OH), can accelerate the H, evolution step. The fast
conversion of the imine intermediates via concerted catalysis is
the key to suppress secondary amine formation. Although the
concerted catalysis also promotes the dehydrogenative
aromatization of cyclohexanones to phenols, the Mg(OH),
species deposited on Pd nanoparticles preferentially suppress
the adsorption of cyclohexanones on the Pd active sites,
improving the selectivity to primary anilines.

Finally, the cyclohexanone scope of the present Pd@
Mg(OH),-catalyzed system for the selective synthesis of
primary anilines from NH; was investigated under the
optimized conditions (Table 2). The substrate conversions
and byproduct yields are summarized in Table S11. In some
cases (Table 2, entries 11, 18, and 19), to suppress the
formation of phenols, the condensation of cyclohexanones and
NH; was conducted at 50 °C before the dehydrogenation
reactions. Cyclohexanone and its alkyl-substituted derivatives
were efficiently converted into the corresponding primary
anilines (Table 2, entries 1—10). o-Toluidine and 2,5-
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dimethylaniline were obtained in good yields despite the
relatively slow reaction rates, whereas 2,6-dimethylaniline was
produced in a low yield probably because of its large steric
hindrance (Table 2, entries 2, 5, and 6). Aryl-substituted
cyclohexanones afforded the desired anilines in moderate
yields (Table 2, entries 11 and 12). Additionally, cyclo-
hexanones having various functional groups such as trifluor-
omethyl, ester, alkoxy, amide, and acetal protecting groups
were tolerated without obvious decomposition or hydrolysis of
the functional groups (Table 2, entries 13—17). 4,4’
Bicyclohexanone was also applicable to this reaction, and
4,4’-diaminobiphenyl and 4-amino-4'-hydroxybiphenyl were
obtained as the primary anilines (Table 2, entry 18). In
addition to cyclohexanones, 2-cyclohexen-1-one can be applied
to this reaction to give the desired primary aniline (Table 2,
entry 19).

In conclusion, we successfully realized the selective synthesis of
primary anilines heterogeneously catalyzed by Pd@Mg(OH),
via an acceptorless dehydrogenative aromatization using NH;
as the nitrogen source. Various primary anilines were obtained
in high yields via concerted catalysis between Pd nanoparticles
and the basic sites of the Mg(OH), support, enabling the
efficient acceptorless dehydrogenative aromatization of cyclo-
hexanimine intermediates to primary anilines while suppressing
secondary amine formation. In addition, the modification of
the Pd nanoparticle surface via Mg(OH), deposition resulted
in deactivation of the dehydrogenative aromatization to
phenols through preferential suppression of cyclohexanone
adsorption on the Pd nanoparticles, enhancing the selectivity
to primary anilines even in the presence of the Mg(OH),
support, which promotes the dehydrogenative aromatization to
phenols. Thus, by utilizing a catalyst design unique to
heterogeneous catalysis, that is, concerted catalysis between
active metal species and supports and the adsorption control
on nanoparticles covering the supports, an otherwise difficult
selective dehydrogenation reaction is realized. We believe that
the findings of this study will pave the way toward novel
selective organic transformations by combining various
properties specific to heterogeneous catalysts.

GC analyses were performed on Shimadzu GC-2014 equipped with a
flame ionization detector and an InertCap$ capillary column. GC—
MS spectra were recorded on Shimadzu GCMS-QP2010 and GCMS-
QP2020 equipped with an InertCap$S capillary column at an
ionization voltage of 70 eV. Liquid-state nuclear magnetic resonance
(NMR) spectra were recorded on JEOL JNM-ECA-500. 'H and *C
NMR spectra were measured at 500.16 and 125.77 Hz, respectively.
'H and *C NMR chemical shifts were referenced to tetramethylsilane
peak (0 ppm) or the solvent peak ('H NMR using CDCly: & = 7.26
ppm, DMSO-dg: 6 = 2.50 ppm, *C NMR using CDCl: 5 = 77.16
ppm, DMSO-dg: 5 = 39.52 ppm). ICP-AES analyses were performed
on Shimadzu ICPS-8100. TEM observations were performed on
JEOL JEM-2000EX. XRD patterns were measured on Rigaku
SmartLab (Cu Ka, 45 kV, 200 mA). XPS results were obtained on
Ulvac-Phi PHIS000 VersaProbe. The binding energies were calibrated
by using the C 1s signal at 284.8 eV. HAADF-STEM observations
were performed on JEM-ARM200F Thermal FE. DRIFTS was
performed using the FT/IR-6700 spectrometer (JASCO). MgO (137-
10831, 0.05pm, 99.9%, FUJIFILM Wako Pure Chemical), HAP (BET

surface area: 11 m? g~!, 011-14882, FUJIFILM Wako Pure
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Table 2. Substrate scope®

Entry substrate Product Entry substrate Product Entry substrate Product
o NH, NH, o)
1 07 ge 14 g /©/
81%
88% (79%) EtooC Et00C™ “F3v, (63%)
2¢ (o] NH,
o O
77% OMe OMe
67% (55%)
72% (60%)
U 0L ;
o ST
/O¢ /©/ AchN 58% (57%)
4 /O¢ /@/ 86% (80%)
77% (76%)
(o] 17e
19 /(:/r /©/ o 87% (63%)
o o o,
- o O . w7
92% NH,
. 0
12 O ) O 27% (25%
6 O (78%) ¥ b
0 HO HO'
o] O 28%
o NH, HO
FsC K
71% (68%) 3 54% (55%) 19 g 429

“Reaction conditions: Substrate (0.3 mmol), NH; (4 atm), Pd@Mg(OH), (Pd: 5 mol %), solvent (DMA: 2 mL), 190 °C, 2 h. All reactions were
conducted in a 40 mL pressure tube. Yields were determined by GC analysis usmg n-hexadecane as an internal standard. Isolated yields are shown

in parentheses. “1 h. %6 h. %48 h. “3 h.”8 h. 50 °C, 1 h, followed by 190 °C, 3 h. "The isolated
of residual solvents calculated from 'H NMR. ‘1.5 h. 750 °C, 1 h, followed by 190 °C, 2 h.

Chemical), ALO; (BET surface area: 160 m? g~" after calcination at
600 °C for 3 h, KHS-24, Sumitomo Chemical), CeO, (BET surface
area: 92 m* g~!, JRC-CEO-S, Daiichi Kigenso Kagaku Kogyo),
MgAlL(OH),(CO;-4H,0 (LDH, BET surface area: 47 m* g™,
Tomita Pharmaceutical Co., Ltd.), ZrO, (BET surface area: 100.5 m?
¢!, JRC-ZRO-6, Catalysis Society of Japan), TiO, (BET surface area:
316 m? g_l, ST-01, Ishihara Sangyo Kaisya), Pd/C (lot. no. 217-
183621, N.E. CHEMCAT), Pt/C (lot. no. C-4634, Johnson
Matthey), and Ru/C (lot. no. 417-020160, N.E. CHEMCAT) were
commercially available. Solvents, substrates, and metal sources were
obtained from Tokyo Chemical Industry, Sigma-Aldrich, Kanto
Chemical, FUJIFILM Wako Pure Chemical, Nacalai Tesque, Kojima
Chemicals, or Combi-Blocks (reagent grade).

An Mg(OH),-supported Pd catalyst with the deposition of Mg(OH),
on the surface of Pd nanoparticles (Pd@Mg(OH),) was prepared as
follows. First, MgO (2.0 g) was added to a 60 mL aqueous solution of
PdCl, (12.5 mM) and KCl (2 equiv with respect to PdCL,). After
stirring vigorously for 15 min at room temperature, the pH of the
solution became 10.5. The resulting slurry was further stirred at room
temperature for 24 h. The solid was then filtered off, washed with
water (3 L), and dried in vacuo overnight to afford the hydroxide
precursor (brownish yellow powder). The hydroxide precursor was
then dispersed in 50 mL of water for 30 min and reduced by NaBH,
(75 mg). The resulting slurry was further stirred vigorously at room
temperature for 2 h. The solid was again filtered off, washed with
water (2 L), and dried in vacuo overnight to afford the Pd@Mg(OH),
catalyst (shallow gray powder, Pd: 0.26 mmol g™') (Figure Sla).
An Mg(OH),-supported Pd catalyst (Pd/Mg(OH),) was prepared
as follows. First, MgO (2.0 g) was added to a beaker with 60 mL
water. After stirring vigorously for 24 h at room temperature, the solid
was then filtered off, washed with water (200 mL), and dried in vacuo
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Zleld was shown after the subtraction of the amounts
0 °C, 0.5 h, followed by 190 °C, 1 h.

overnight to afford Mg(OH), (white powder: 2.8 g). Then, Mg(OH),
(2.8 g) was added to a 60 mL aqueous solution of PACl, (12.5 mM)
and KCl (2 equiv with respect to PACL,). After stirring vigorously for
15 min at room temperature, the pH of the solution was adjusted
from 9.5 to 10.5 using an aqueous solution of NaOH (1 M). The
resulting slurry was further stirred at room temperature for 24 h. The
solid was then filtered off, washed with water (3 L), and dried in
vacuo overnight to afford the hydroxide precursor (brownish yellow
powder). The hydroxide precursor was then dispersed in S0 mL of
water for 30 min and reduced by NaBH, (75 mg). The resulting
slurry was further stirred vigorously at room temperature for 2 h. The
solid was again filtered off, washed with water (2 L), and dried in
vacuo overnight to afford the Pd/Mg(OH), catalyst (deep gray-black
powder, Pd: 0.26 mmol g™') (Figure S1b).

An HAP-supported Pd catalyst (Pd/HAP) was prepared as follows.
First, HAP (2.0 g) was added to a 60 mL of aqueous solution of PdCl,
(8.3 mM) and KCI (2 equiv with respect to PdCL,). After stirring
vigorously for 15 min at room temperature, 1 M NaOH aq. was
dropwise added to adjust the pH of the solution to 10.5. The resulting
slurry was further stirred at room temperature for 24 h. The solid was
then filtered off, washed with water (3 L), and dried in vacuo
overnight to afford the hydroxide precursor (brownish yellow
powder). The hydroxide precursor was then dispersed in SO mL of
water and reduced by NaBH, (75 mg). The resulting slurry was
further stirred vigorously at room temperature for 2 h. The solid was
again filtered off, washed with water (2 L), and dried in vacuo
overnight to afford the Pd/HAP catalyst (black-gray powder, Pd: 0.23
mmol g'). Other supported Pd catalysts such as Pd/ALO; (Pd: 0.24
mmol g'), Pd/CeO, (Pd: 0.24 mmol g™'), Pd/LDH (Pd: 0.25 mmol
g™"), Pd/ZrO, (Pd: 0.22 mmol g™'), and Pd/TiO, (Pd: 0.21 mmol
g™') were prepared by the similar methods. The supported Pd
amounts were determined by ICP-AES analysis and are summarized
in Table S8.
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00049.
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