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Convenient and Reusable Manganese-Based Nanocatalyst

for Amination of Alcohols

Murugan Subaramanian,” Palmurukan M. Ramar,”
Ravishankar G. Kadam,® Martin Petr,” Radek Zboril "

Ekambaram Balaraman*®

The development of new sustainable nanocatalytic systems for
green chemical synthesis is a growing area in chemical science.
Herein, a reusable heterogeneous N-doped graphene-based
manganese nanocatalyst (Mn@NrGO) for selective N-alkylation
of amines with alcohols is described. Mechanistic studies
illustrate that the catalytic reaction follows a domino dehydro-
genation-condensation-hydrogenation sequence of alcohols

Introduction

N-alkylated amines are widely employed for the synthesis of
various biologically active molecules, agrochemicals, surfac-
tants, and pharmaceutical drugs.” Conventionally, the N-
alkylation of amines has been achieved by utilizing the
corresponding activated derivatives™ or by reductive amination
of carbonyl compounds.”! However, most of these methods
require harsh or potentially hazardous reaction conditions and
generate stoichiometric waste. The borrowing hydrogenation
(BH) deploying simple and abundantly available alcohols as
alkylating agents for the C—C or C—N bond-forming reactions
has recently received considerable attention.”! The formation of
water as the only byproduct makes this process environ-
mentally benign and alternative to conventional methods.””
The BH approach fundamentally comprises several mechanisti-
cally distinguished pathways such as dehydrogenation, con-
densation, and hydrogenation in a single process. It finally
yields C—N or C—C bonded compounds with an excellent step-
and atom-economy. Thus, the use of widespread alcohol as the
alkylating agent for the BH method ensures the sustainability of
the synthesis of N-alkyl amines. Indeed, several efficient
homogeneous catalytic reactions based on precious noble
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and amines with the formation of water as the sole by-product.
The scope of the reaction is extended to the synthesis of
pharmaceutically important N-alkylated amine intermediates.
The heterogeneous nature of the catalyst made it easy to
separate for long-term performance, and the recycling study
revealed that the catalyst was robust and retained its activity
after several recycling experiments.

metals®
developed for the BH reactions.

However, the requirement of an extensive ligand synthesis,
sensitivity, handling under practical conditions, and poor
recovery of the catalysts are potential disadvantages. Providing
earth-abundant base metal catalysts as an alternative to
precious noble metal catalysts represents a key challenge in
contemporary science.” Similarly, alternative benign ap-
proaches to employing stoichiometric reagents in industrially
important reactions are vital. In this direction, the prime
research objective of the chemical and pharmaceutical indus-
tries is to convert homogeneous catalytic reactions into
heterogeneous versions through the immobilization of catalyti-
cally active sites on stable supports.”! Heterogeneous catalysts
have numerous advantages over homogeneous ones, including
high recyclability and easy recovery from the reaction mixture.

Various heterogeneous cobalt,”” nickel,"” and iron- based
catalysts'" have made a substantial contribution to the field of
dehydrogenation and related reactions. Notably, the employ-
ment of the manganese-based catalytic system, the third most
abundant metal in the earth’s crust, found manifold applica-
tions in synthetic transformation."? In recent years, remarkable
progress in homogeneous Mn-catalyzed acceptorless dehydro-
genation (AD) and BH reactions has been made by several
research groups including Milstein, Beller, Kirchner, Sortais,
Kempe, and others (Scheme 1).”"* However, a reusable hetero-
geneous manganese-based catalyst system for the BH strategy
remains elusive. Particularly, the N-alkylation of amines under
the BH strategy using heterogeneous catalyzed conditions is
very limited and rarely reported."®"

Of late, a variety of noble-metal nanoparticles decorated on
an electron-rich carbon, which delivers active sites for the
catalyst, have been widely investigated. Sustainable develop-
ment of the heteroatom-doped carbon-based supports is
fascinating due to their semiconductive nature, in which
electronic density can be tuned by the amount of heteroatom
doping. Due to the presence of lone pairs, the heteroatom

as well as base-metal catalysts have been well
[7a]
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reported procedure.""“¥ Firstly, the in situ generated Mn-Phen
complex (Mn(acac);: 1,10-phenanthroline=1:1) was deposited
on an exfoliated graphene oxide support (rGO) and heated at
800°C for 4 h under argon atmosphere. The obtained catalytic
material represented as Mn@NrGO was characterized using
PXRD, TEM, HRTEM-elemental mapping analysis, XPS, and ICP

In the powder X-ray diffraction (PXRD) spectrum of
Mn@NrGO, the broad diffraction peak at 30.9° with the
interplanar d-spacing of 0.33 nm, ascribed to the existence of
nitrogen-doped graphitic carbon with hexagonal space group
P63/mmc (PDF card 04-007-2081). The peaks at (20) 40.84°,
47.52°, and 69.46° with the d-spacing of 0.256, 0.221, and
0.156 nm are equivalents to crystal planes of (111), (200) and
(220), and characterize the MnO (space group Fm3 m JCPDS
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Scheme 1. Recently reported homogeneous manganese-based catalysts for
N-alkylation reactions via borrowing hydrogenation vs our approach using a
heterogeneous manganese nanocatalyst.

provides additional electrons in the w-conjugated system, which
increases the charge density on the carbon sheets." It is also
believed that the synergism between the individual counter-
parts (metal or support) often contributes to their superior
catalytic performance.

In recent years, N-doped carbon-supported metal-based
catalysts found widespread applications in sustainable chemical
synthesis.""® Very recently, Karak and co-workers reported the
reduced graphene oxide (rGO) based bi-phasic crystal of MnO,
containing heterostructured hybrid nanoflower for N-alkylation
reactions under aerobic conditions."™ The use of oxygen-rich
rGO@a-MnO,/rGO@5-MnO, catalyst facilitates the oxidation of
alcohol to generate aldehyde and further condensation of
amines with an aldehyde followed by the production of amines
was observed under aerobic, solvent-free conditions. Impor-
tantly, the reaction system failed to evidence the borrowing
hydrogen mechanism (i.e., acceptorless dehydrogenation and
re-hydrogenation pathway). Herein, we report a thermal
decomposition of an insitu formed manganese complex on
carbon support to procure robust, reusable nitrogen-doped
graphene supported Mn-nanocatalyst (Mn@NrGO) for borrow-
ing hydrogen reaction under anaerobic conditions. The synthe-
sized catalyst demonstrates excellent activity and selectivity for
the N-alkylation of amines using alcohol as the alkylating agent
under mild, benign conditions. Notably, the manganese-based
reusable heterogeneous catalysts for the BH reaction have
remained elusive.

Results and discussion
Catalyst Preparation and Characterization

The active heterogeneous Mn@NrGO catalyst for the N-
alkylation reaction was synthesized based on our previously
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card number 04-005-4473) (Figure S3, see ESI).

The X-ray photoelectron spectroscopy (XPS) was utilized to
identify the surface properties and elemental composition of
the catalyst (Figure 1). The Mn@NrGO catalyst exposed the co-
existence of C, N, O, and Mn with 90.8, 1.9, 6.4, and 0.9%,
respectively. The C 1s spectrum depicts the central contribution
of the four peak components with binding energies of 284.82,
285.88, 286.77, and 287.87 eV related to C—C sp? C—C sp’, C—0O/
C—N, and C=0 or O=C-O type of carbons, which reveals the
graphitic characteristics (Figure 1a). The N 1s spectrum can be
resolved into two peaks at 398.89, and 401.81 eV, correspond-
ing to the pyridinic, and pyrrolic nitrogen (Figure 1b). The O1s
spectrum of Mn@NrGO (Figure 1c) can be classified into three-
peak components with binding energies of 533.71 531.77, and
530.30 eV, which confirm the presence of C—O, C=0 and Mn-0,
respectively; the oxygen on the surface of manganese proves
that the graphitic carbon is doped with oxygen. The two-
component peaks having their binding energies at 642.08
(Mn2p,/,) and 646.08 eV (Mn2p,,,) confirm the occurrence of
manganese with 44 oxidation state (Figure 1d).""”
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Figure 1. High resolution XPS spectra of Mn@NrGO catalyst (a) C1s, (b) N1s,
(c) O1s, and (d) Mn2p region.
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In Raman spectrum (Figure S3), the G band around
1600 cm™' further confirms the presence of graphitic carbon.
The band near 648 cm™ is observed because of the existence
of symmetric stretching vibration of Mn—O (Figure S4, see ESI).
The TEM images (Figures 2a-b) display the distribution of the
spherical shaped MnO, nanoparticles (30-60 nm) throughout
the surface of N-doped-rGO. The 0.48 nm lattice spacing of the
MnO, particles is observed with HRTEM (Figure 2c)."” Further-
more, a representative high-angle annular dark-field scanning
(HAADF-STEM) image (Figure 2d) and the elemental mapping
support the presence of C, N, O, and Mn mapping with the

Figure 2. TEM images of Mn@NrGO (a and b), HRTEM image (c). HAADF-
STEM image (e-i) elemental mapping showing Mn, N, C, O and Mn, O and C
together.

consistent distribution of MnO, nanoparticles (Figure 2e-i). The
well-characterized Mn@NrGO catalysts were further investi-
gated, using alcohols as alkylating agents, for the direct and
selective N-alkylation of amines. Initially, we began our
exploration using aniline 1a and benzyl alcohol 2a as bench-
mark substrates for the optimization of ideal reaction conditions
(Table 1).

The reactions of 1a and 2a in the presence of a catalytic
amount of Mn@NrGO and KO'Bu (1 equiv.) in n-octane heated
at 140°C (oil-bath temperature) under argon atm for 24 h gave
the desired N-alkylated amine 3a in 89% of isolated yield
(Table 1, Entry 1). Moreover, the temperature plays an important
role in this transformation, and it was noted that its lowering
causes a decrease in the product formation (Table 1, Entries 2—
3). The solvent screening for the N-alkylation of 1a was carried
out using various solvents such as n-octane, toluene, 1,4
dioxane, and THF (Table 1, entries 1 and 8-10), and it was found
that n-octane was an appropriate solvent for an effective N-
alkylation reaction. Prominently, a decrease in the amount of
the catalyst loading afforded a lower yield of 3a (Table1,
Entries 4-5). In addition, decreasing the amount of base (KO'Bu)
resulted in the 71 % yield of 3a (Table 1, Entry 6); in the absence
of base, no product formation was observed (Table 1, Entry 11).
However, the efficiency of the reaction was significantly
affected in the presence of other bases like NaO'Bu, NaCO,,
K,CO,;, and KOH (Table 1, Entries 12-15). In the absence of
Mn@NrGO, the reaction afforded only 18% yield of 3a (Table 1,
Entry 16). Notably, the reaction failed to yield the product or
hydrogen gas under homogeneous conditions (Table 1, En-
try 17).

Having optimized the reaction conditions, we explored a
variety of amines in the N-alkylation reaction using benzyl
alcohol (2a) (Table 2). It should be pointed out that the

Table 1. Optimization of reaction conditions for N-alkylation of aniline with benzyl alcohol.”!
NH, Catalyst H\/@
©/ . @AOH Base ©/N + H0
Solvent
1a 2a Temperature 3a
Entry Catalyst [mol %] Base [equiv.] Solvent TI°C t[h] Yield [%]"’
1 Mn@NrGO (8) KO'Bu (1) n-Octane 140 24 89
2 Mn@NrGO (8) KO'Bu (1) n-Octane 100 24 59
3 Mn@NrGO (8) KO'Bu (1) n-Octane 80 24 42
4 Mn@NrGO (5) KOBu (1) n-Octane 140 24 76
5 Mn@NrGO (2.5) KO'Bu (1) n-Octane 140 24 65
6 Mn@NrGO (8) KO'Bu (0.5) n-Octane 140 24 71
7 Mn@NrGO (8) KO'Bu (1) n-Octane 140 12 81
8 Mn@NrGO (8) KO'Bu (1) Toluene 140 24 57
9 Mn@NrGO (8) KO'Bu (1) Dioxane 140 24 23
10 Mn@NrGO (8) KO'Bu (1) THF 140 24 n.r
11 Mn@NrGO (8) - n-Octane 140 24 n.r
12 Mn@NrGO (8) NaOBu (1) n-Octane 140 24 36
13 Mn@NrGO (8) Na,CO; (1) n-Octane 140 24 14
14 Mn@NrGO (8) K,CO; (1) n-Octane 140 24 27
15 Mn@NrGO (8) KOH (1) n-Octane 140 24 32
16 - KO'Bu (1) n-Octane 140 24 18
174 Mn(acac); + 1, 10-Phen (8) KO'Bu (1) n-Octane 140 24 trace
[a] Reaction conditions: Aniline 1a (0.5 mmol), benzyl alcohol 2a (0.75 mmol), catalyst (x mol%), base (y equiv.), solvent (2 mL), 140°C (oil-bath
temperature), 12-24 h. [b] Isolated yields. [c] Under homogeneous conditions.
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Table 2. Mn@NrGO catalyzed N-alkylation of amines with benzyl alcohol:
Scope of amines.””!

A NH,
Ry
=
1
H
N

MN@NTGO (8 moi%) _ B R \/©
T koBu R * HO
n-octane, 140 °C, 24 h

QQQ 1 O
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(3a, 89%) (3b 81%) (3¢, 76%) (3d 74%)
(3e, 67%) (3f 62%) (39, 68%) (3h 72%)
(3| 83%) (3§, 77%) (3K, 65%) (31, 62%)
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CF.
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he

3
(3u, 64%) (3v, 59%) (3w, 53%)
(3x, 55%) (3y, 52%)
NH, H
N._Me NH, O.
AT O oyt T O
[a] Reaction conditions: Amines 1 (0.5 mmol), benzyl alcohol 2a

(0.75 mmol), Mn@NrGO (8 mol%), KOBu (1.0 mmol), n-octane (2 mL),
140°C (oil-bath temperature), 24 h. [b] Yields based on average isolated
yields of two independent experiments.

Mn@NrGO nanocatalyst was compatible with various anilines
comprising electron-rich substituents at ortho, meta, para-
positions and produced the corresponding secondary amine
derivatives (3a-3g) in good to excellent yields under mild and
benign conditions. Importantly, a fused aromatic hydrocarbon
containing amines such as 1-naphthalamine and 2-naphthal-
amine afforded the corresponding N-alkylated products 3h in
72% and 3i in 83% of isolated yields, respectively. Aniline
derivatives containing strong electron-rich substituents (-Ph,
-OMe, -OPh, and -OEt) led to the desired products 3j-3n in
good to excellent yields (62-81%). Besides, halide substituted
aromatic amines (-F, -Cl, and -Br) yielded the desired N-alkylated
product smoothly under heterogeneous Mn-catalyzed condi-
tions (products 30-3u in 59-82% vyields). Particularly, pharma-
ceutically active 3-trifluoro-, 1,3-trifluoro-, and 1,4-dioxalone
substituted anilines derivatives underwent N-alkylation reaction
and resulted in the corresponding secondary amine products
3v in 59%, 3w in 53%, and 3x in 55% yields, respectively.
Interestingly, heterocyclic 8-aminoquinoline gave a 52% yield
of the N-alkylated product (3y). However, the aniline containing

ChemCatChem 2021, 13,1-9 www.chemcatchem.org

a strong electron-withdrawing group (-NO,, -CN) afforded only
a trace amount of the product and N-ethyl aniline did not yield
the N-alkylated product under our reaction conditions. More-
over, benzylamine, furfurylamine, and aliphatic amine such as
hexylamine are incompatible with the present Mn-catalyzed
conditions.

We further examined the scope of alcohols for the selective
N-alkylation of 1a under heterogeneous Mn-catalyzed condi-
tions (Table 3). The electron-releasing substituents (methyl,
isopropyl, t-butyl, and phenyl) on the benzyl alcohol react with
aniline 1a or 3-methyl aniline (1b) to give the N-alkylated
products 4a-4i in 65-84% yields. Significantly, m-extended
bicyclic alcohols such as 2-naphthalene methanol and 1-
napthalene methanol yielded the expected N-alkylated prod-
ucts 4j in 80% and 4k in 83% yields, respectively. In addition,
strong electron-donating substituents (-OMe, -SMe, -NMe,, and
benzyloxy groups) on benzyl alcohols gave the desired

Table 3. Mn@NrGO catalyzed N-alkylation of amines with alcohols: Scope

of alcohols.®!
e NHz OH _Mn@NIGO (8 mol%) _ W/O

7 T kose O/
1 n-octane, 140°C, 24 h

(4a, 72%) (4b, 78%) (4c, 81%) (4d, 75%)
Me
Me. N, N, N, N
TOYLOYn O ©f
(4e, 80%) (4f, 75%) (49, 65%) (4h, 76%)
Ph
e
Me
(4i, 84%) (4j, 80%) (4k, 83%) (41, 52%)
OMe S.,
@/ OMe ©/ ©/ 0">Ph @/
(4m, 77%) (4n, 73%) (40, 79%) (4p, 58%)
Cl Cl Br Br
H H H H
©/N\/©/ Me\©/N\/©/ ©/N\/©/ Me\©/N

OH OH OH OH
NN N0H © ©§ @)\ @)\4

[a] Reaction conditions: Amine 1 (0.5 mmol), alcohol 2 (0.55 mmol),
Mn@NrGO (8 mol %), KO'Bu (1.0 mmol), n-octane (2 mL), 140 °C (oil-bath
temperature), 24 h. [b] Yields based on isolated yields.
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products in moderate to good yields (products 41-4p in 52—
79% yields). The substrates bearing halide substituent (-Cl, -Br)
afforded the products 4q-4t in 58-62% isolated yields,
respectively. Trifluromethylated ether containing benzyl alcohol
gave product 4u in 45% under the present heterogeneous Mn-
based nanocatalyst conditions. Heteroaromatic alcohols such as
pyridine 2-methanol (2v) and furfuryl alcohol (2w) gave desired
products 4v in 62% and 4w in 35% yields, respectively, under
optimized reaction conditions.

It should be noted that more steric secondary alcohols such
as diphenylmethanol and diphenylmethanol bearing -Me,
-OMe, and -Cl groups afforded the corresponding N-alkylated
products 4x-4ab in 42-58% of isolated yields. However,
diphenylmethanol reacting with strong electron-withdrawing 3-
nitro aniline did not yield the desired product (4ac) under our
reaction conditions. Moreover, diphenylmethanol with 2-amino-
pyridine gave the expected product 4ad in 38% of isolated

NH
C( 2 /©/‘0H Mn@NrGO (8 mol%)
2N KO'Bu

n-octane, 140°C, 24 h R

H [—
X=NorCH

X=N,R=H (5a, 60%) /N\
X =N, R =4-OMe (5b, 75%)
X =N, R =4-Cl (5¢, 85%) R = H (Tripelennamine)?®
X =CH, R =H (3a, 89%)

R = 4-OMe (Mepyramine)®”
J R = 4-Cl (Chloropyramine)®®

(Antihistamine)
[ j K( N
=
HN

Antazoline®®
(anticholinergic)

Scheme 2. Synthesis of pharmaceutically important N-alkylated amine inter-
mediates catalyzed by Mn@NrGO.
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Scheme 3. Mechanistic studies.
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yields. Indeed, secondary alcohol such as 1-phenylethanol, 1-
indanol, a-vinyl benzylalcohol, cyclohexanol, and aliphatic
primary alcohol (1-hexanol) was incompatible under our
heterogeneous Mn catalyzed conditions.

We effectively applied our catalytic system to the synthesis
of antihistamine and anticholinergic drug intermediates (5a-
5¢).""® Thus, the pharmaceutically active intermediates 5a, 5b,
and 5c were prepared in good yields with excellent step- and
atom-economy under our heterogeneous manganese catalytic
conditions (Scheme 2).

To gain insight into the reaction mechanism, we have
performed several control experiments (Scheme 3). The forma-
tion of hydrogen gas and the dehydrogenated product
(aldehyde) was qualitatively observed in the initial dehydrogen-
ation of alcohol (2a) under Mn-catalytic conditions in the
absence of an amine coupling partner (see ESI). Similarly, the
formation of hydrogen gas was also observed from the bench-
mark reaction (Scheme 3a). The deuterium labelling experiment
using deuterated benzyl alcohol (D-2a) with aniline (1a)
resulted in 65% of deuterium incorporation in the secondary
amine (Scheme 3b). These results indicate that the reaction
proceeds via the dehydrogenation of alcohol (2a). Next, to
determine if any radical intermediates (e.g., superoxide radical
anion, 0°*% due to the presence of residual oxygen/air or use of
KO'Bu) were involved in the reaction, we performed the
reaction in the presence of radical scavengers. Thus, the
presence of various radical scavengers such as TEMPO,
benzoquinone, and butylated hydroxytoluene (BHT) did not
affect the reactivity of the catalyst and, thus, product 3a and
the corresponding imine intermediate (3a’) were produced in
good yields (Scheme 3c). This result indicates that the radical
pathway was not possible under our reaction conditions, and
the reaction proceeded via an imine intermediate. Indeed,
KO'Bu is required to activate alcohols for the initial dehydrogen-
ation reaction. Next, treatment of imine (3a’) under the present
heterogeneous Mn-nanocatalytic conditions using alcohol as
the transfer hydrogenating source selectively yielded the
desired N-alkylated amine (3a) (Scheme 3d). Finally, we have
endeavored to investigate the effect of the Mn-nanocatalyst in
the condensation step (imine formation). It was clearly observed
that the rate of condensation of aldehyde and aniline was
accelerated in the presence of the Mn-nanocatalyst, which
implies the presence of Lewis acid sites on the catalyst. Overall,
all these studies revealed that the reaction preceded via the
borrowing hydrogenation.

The reaction kinetic profile was conducted for the reusable
heterogeneous Mn-catalyzed N-alkylation of aniline (1a) with
benzyl alcohol (2a) (Figure 3a). The time-dependent product
formation clearly showed that the starting material aniline 1a
was completely consumed in 20 h and the N-alkylated product
formation 3a increased gradually with the increasing reaction
time. Notably, no other intermediate was detected in the
spectroscopic analysis.

The main advantage of heterogeneous catalysis is easy
recovery and recyclability of the catalyst. The developed
manganese-nanocatalyst retained its catalytic activity even after
six consecutive reaction cycles and offered the N-alkylated

5 © 2021 Wiley-VCH GmbH
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Figure 3. (a) Kinetic plot for the heterogeneous Mn-catalyzed N-alkylation of
aniline and (b) Hot filtration test.

product 3a in an excellent yield for the benchmark reaction
(Figure 4). Interestingly, the recyclability test at the intermediate
conversion level (45%) showed similar outcomes. This result
suggests that the developed Mn-nanocatalyst is highly robust
and does not undergo deactivation during the catalysis. XPS
studies of spent Mn-catalyst revealed that there are no
significant changes in the surface properties and elemental
composition.

Further, to confirm the heterogeneity of the present Mn-
nanocatalyst, a hot filtration test was conducted (Figure 3b).
When the Mn-catalyst was removed from the reaction mixture
after 12 h (52% yield of 3a), no further increase in the product
(3a) yield followed. Notably, a trace amount of product
formation was observed under complete homogeneous reac-
tion conditions (Table 1, Entry 18). These results clearly show
that the present Mn-nanocatalyst is truly heterogeneous in
nature.

Based on the above-mentioned experimental results, we
confirm that the present heterogeneous manganese nano-
catalyst catalyzed N-alkylation of amines using alcohols as
alkylating agents follows the borrowing hydrogenation mecha-
nism. Initially, in the presence of Mn@NrGO and base, the
alcohol underwent a dehydrogenation reaction and yielded the
dehydrogenative product aldehyde with the liberation of
hydrogen gas. Subsequently, the condensation reaction of
aldehyde with amine to form the intermediate imine with the
liberation of water. Finally, the (transfer) hydrogenation of imine
intermediate using hydrogen gas generated in the initial
alcohol dehydrogenation step selectively offered the expected
N-alkylated amine (Scheme 4).“*”? Consequently, the N-alkyla-
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Figure 4. Recyclability test.
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Scheme 4. A plausible reaction mechanism.

tion of anilines using alcohols as an alkylating agent via
borrowing hydrogenation under heterogeneous Mn-catalyzed
conditions has been achieved.

Conclusion

In conclusion, we have developed the nitrogen-doped gra-
phene supported Mn-based nanocatalyst for N-alkylation of
amines using alcohols as an alkylating agent under mild, benign
conditions. The present N-alkylation reaction provides a simple
and atom-economical route to various secondary amine
derivatives with a wide substrate scope, as well as excellent
functional group tolerance. Mechanistic studies and deuterium
labelling studies revealed that the reaction proceeded via
borrowing hydrogenation. Favorably, the manganese-nanocata-
lyst retains its catalytic activity even after six consecutive
reaction cycles and offers the N-alkylated product in excellent
yields.

Experimental Section

Catalyst Characterization

Powder X-ray diffraction (XRD) patterns of the material were
inspected by the X'Pert PRO MPD diffractometer (PANalytical) in the
Bragg-Brentano geometry with an iron-filtered X'Celerator detector
and programmable divergence, and diffracted beam antiscatter-slits
at room temperature using a Co-Ka radiation (40 kV, 30 mA, A=
0.1789 nm). The angular range of the measurement was set as 260 =
5-90°, with a step size of 0.017°. The identification of the crystalline
phases in the experimental XRD pattern was obtained using the
X'Pert High Score Plus software, which includes a PDF-4+ and ICSD
databases. The SRM660 (LaB6) standard was used to evaluate the
instrumental broadening. The X-ray diffraction lines were modelled
using pseudo-Voigt functions, and a single-split asymmetry correc-
tion was introduced. Additional quantitative analysis and determi-
nation of the crystalline domain sizes were performed on the
Mn@NrGO sample following the Rietveld method.

© 2021 Wiley-VCH GmbH


https://doi.org/10.1002/cctc.202100635

Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

ChemCatChem doi.org/10.1002/cctc.202100635

Microscopic TEM images were obtained by HRTEM TITAN 60-300
with the X-FEG type emission gun, operating at 80KkV. This
microscope is equipped with a Cs image corrector and a STEM
high-angle annular dark-field detector (HAADF). The point reso-
lution is 0.06 nm in the TEM mode. The elemental mappings were
obtained by the STEM-Energy Dispersive X-ray Spectroscopy (EDS)
with an acquisition time of 20 min. For the HRTEM analysis, the
powder samples were dispersed in ethanol and ultrasonicated for
5 min. One drop of this solution was placed on a copper grid with a
holey carbon film.

The XPS surface investigation was performed on the PHI 5000
VersaProbe Il XPS system (Physical Electronics) with a monochro-
matic Al-Ka source (15 kV, 50 W) and photon energy of 1486.7 eV.
Dual-beam charge compensation was used for all the measure-
ments. All the spectra were measured in the vacuum of 1.3x10-
7 Pa and at a room temperature of 21°C. The analyzed area on
each sample was a spot of 200 um in diameter. The survey spectra
were measured at a pass energy of 187.850 eV and an electronvolt
step of 0.8 eV. For the high-resolution spectra, pass energy of
23.500 eV and electronvolt step of 0.2 eV were used. The spectra
were evaluated with the MultiPak (Ulvac - PHI, Inc.) software. All
binding energy (BE) values were referenced to the carbon peak C1s
at 284.80 eV.

General Procedure for the Heterogeneous
Manganese-Catalyzed N-Alkylation of anilines

To an oven-dried 15 mL screw-capped reaction tube, amine 1
(0.5 mmol, 1 equiv.), alcohol 2 (0.75 mmol, 1.5 equiv.), Mn@NrGO
catalyst (25 mg, 8 mol%), KO'Bu (0.5 mmol, 1 equiv.), and n-octane
(2 mL) were added under a gentle stream of argon. The reaction
mixture was continuously stirred at 140°C for 24 h. After comple-
tion of the reaction, the crude mixture was diluted with ethyl
acetate (3x5 mL) and the catalyst was separated by centrifugation.
The resultant supernatant liquid of organic layer was dried over
anhydrous Na,SO, and the solvent was evaporated under reduced
pressure. The crude mixture was purified by silica gel column
chromatography (230-400 mesh size) using petroleum-ether/ethyl
acetate as an eluting system.
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graphene-based manganese nanoca-
talyst (Mn@NrGO) for selective N-alky-
lation of amines with alcohols is
described. The heterogeneous nature
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of the catalyst made it easy to
separate for long-term performance,
and the recycling study revealed that
the catalyst was robust and retained
its activity after several recycling ex-
periments.
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