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Abstract: The development of Earth-abundant reusable and no-toxic heterogeneous catalyst
applied in the pharmaceutically, bio-active relevant compounds synthesis as well as other organic
syntheses still remains as the most important goal of the general chemical research. N-methylated
compounds, as one of the most essential bioactive compounds, have been widely used in the fine
and bulk industries for the production of high-value chemicals including pharmaceuticals,
agrochemicals, and dyes. As their reports, activated toxic methyl iodide and dimethyl sulfoxide
were usually employed in the traditional N-methylation, which easily suffer from narrow scopes of
amines, generation of by-products, and a large amount of waste. Very recently, transition
metal-catalyzed methylation of amines has become an efficient, practical, and cost-effective
method for the one-pot selective synthesis of N-methylamines with C1 sources. Herein, we first
developed a simple and environmentally friendly method for the preparation of efficient, reusable,
and low-cost graphene spheres encapsulated Ni/NiO nanoalloy catalysts (Ni/NiO@C) for highly
selective synthesis of the N-methylated compounds by using various functional amines and

aldehydes under easily handle-able and industrially applicable conditions. A large number of



primary, secondary amines (more than 70 examples) could be converted smoothly to the
corresponding N, N-dimethylamines with the participation of different functional aldehydes. The
gram-scale synthesis was also demonstrated in an excellent yield; not only that, the catalyst was
further proved that it could be easily recycled by its intrinsic magnetism and reused up to ten times
without losing activity and selectivity. Both of them are the great advantages in contrast to other
catalysts reported previously. And also, for the first time, we have developed the highly efficient,
cost-effective tandem synthesis of N, N-dimethylamines products in a one-pot process by means of
aldehydes and NHs. As far as we know, this is the first example of the synthesis of tertiary amines
with the combined reaction process of reductive amination of aldehydes and N-methylation of
primary amines only with the single one earth-abundant metal catalyst. Overall, the advantages of
this newly developed method including operational simplicity, high stability, easily recyclable,
cost-effective of the catalyst, and good functional group compatibility for the synthesis of
N-methylation products, as well as the highly efficient and industrial applicable tandem synthesis

process.
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Introduction

In recent years, green, efficient, and sustainable processes are urgently preferred in the chemical,
pharmaceutical, and agrochemical industries owing to the increasingly strict standards required by
environmental and economic issues. One of the most popular way is to use earth-abundant
transition metal catalysts for the organic syntheses, especially with the help of nanomaterials2.
N-Functionalized amines, N-alkylamines in particular, are a sort of important compound in the

synthesis of pharmaceuticals, dyes, detergents, and fine chemicals®*®. Transition metal-catalyzed



N-methylation has been an efficient and powerful method for the synthesis of N-methylated
compounds, which regulated the biological and pharmaceutical properties by incorporating them
into a magic methyl group®. For instance, the methylated compound (i.e., LASSBio-785) was
much superior to the corresponding non-methylated compound (i.e., LASSBi0-294) in producing
an endothelium-independent vasodilator effect''. As listed in the top 200 Small Molecule
Pharmaceuticals by Retail Sales in 2018, there were more than 25 prescribed pharmaceutical
products containing N-mono-methyl or N-di-methyl groups?. Moreover, the N-methylated
functional drugs especially Azithromycin showed highly effective in the control of the global
pandemic of novel coronavirus disease infection in 2019**'* (Figure 1). Since N-methylated
amines exist widely as bioactive compounds, pharmaceutical drugs, and so on, the development of
more efficient, environmentally friendly, economical, and sustainable N-methylation processes
attracted chemists’ attention continuously over the last decades®*681526 Until then, many
methodologies for the synthesis of N-methylamines have been developed and widely used in
academics and industry, applying formaldehyde?’, CO,*6262829 alcohols (mostly methanol)3%-%,
paraformaldehyde3334, dimethyl sulfoxide (DMSQ)%%, dimethyl carbonate®” 28, alkyl halides or
halogenated benzenes*>*° as methylation agents. Traditional N-methylation reactions generally
encounter drawbacks including narrow scopes of amines, operationally problematic, and
generation of by-products; this process may also cause a large amount of waste since the
utilization of some of the activated methyl compounds, such as toxic methyl iodide, dimethyl
sulfoxide, or dimethyl carbonate, is not recommendable. For this reason, transition metal-catalyzed
methylation of amines by using the more environmentally benign and safer methylation reagents
C1 sources like MeOH 3041 CO,*62942 HCOOH***, formaldehyde?’3334 has become an efficient,

practical, and cost-effective method for the one-pot selective synthesis of N-methylamines (Figure



2a). In this yield, both homogeneous and heterogeneous catalysts have been developed rapidly to

achieve a specific target.
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Figure 1. Pharmaceuticals containing N-methylated and N-di-methylated drugs

Ru complex have been developed as homogeneous catalyst for the direct N-methylation of
amines which used CO> as a Cz source. In 2013, Beller and co-workers reported an efficient
method for the methylation of amines that employs commercially available RuClz(dmso)s and
BuPAd: ligand as the catalyst, PhSiH3z as the hydrogen source, and CO2 as the methylation
reagent?>. Number of N-methylation products with different functional groups were obtained in
good to excellent yield under optimized reaction conditions (30 bar CO2, 4 equiv. PhSiHs, toluene,
100 <C, and 16 h). They also built an in-situ combined catalyst system where Ru (acac) s, triphos,
and acid or LiCl additives were highly selective for N-methylation of amines®. Under the
optimized reaction conditions (20 atm COg, 60 atm H., THF, 140 <C, 24 h), an attractive yield of
mono-methylation and di-methylation products was obtained in their report. Klankermayer and
co-workers!’ also found that the readily commercially available Ru (triphos)(tmm) complex and
HNTf, acid were another highly efficient homogeneous catalyst system for the N-methylation of
imines through CO. and H,. From then on, not only various homogeneous Ru-catalyzed

([RUCp*Cl2]2/dpePhos®, [Ru(p-cymene)l2]2*®) N-methylation reaction process have been



developed successively, but also other homogeneous transition metal like Fg2446:47 |p31.324849 Rp20,
Cu?4350 Cod, and Mn*®52%3 catalyst systems have been rapidly studied.

Compared with the homogeneous catalyst system, the heterogeneous catalyst system has the
advantages of better separation of catalyst/product, the no-necessity of additives (ligands, acids,
and salts), and catalyst recyclable, re-useable ability, which matches very well with the economic
and environmental perspectives. Pears and Bruton first applied the pre-reduced Adams
heterogeneous catalyst Pt for the reductive methylation of amines with H, and HCHO®. They
obtained N, N-dimethylglycine in 79% vyield from the reductive methylation of glycine. Half a
decade later, Li and co-workers® used the pre-treated Raney Nickel for catalyzing N-methylation
of nitroarenes with MeOH, which served as a hydrogen source, alkylating reagent, and solvent
simultaneously( 170 <C, 3 MPa Ar). Recently, Shi and co-workers®®>” designed two heterogeneous
catalysts, namely CuAlOx and Pd/CuZrOy, whose results showed that both of them have high
activity and selectivity for the N-methylation of amines and nitro compounds with CO, and H>
(reaction conditions: 30-100 bar, 150-170 <C, 30-48 h). A more efficient TiO2 supported nano-Pd
catalyst was subsequently developed for the N-methylation of nitro compounds with MeOH under
UV irradiation at room temperature®®. In 2015, Wang and co-workers®® innovatively described the
one-pot N-methylation of nitroarenes with the help of the heterogeneous Au/rutile catalyst. A
variety of aromatic, aliphatic, and different functional groups of methylation products was
obtained with good to excellent yields (2 MPa COz, 6 MPa H», 140-170 <C, 7 h). From then on,
many more efficient transition metal-based catalyst systems such as Pt-MoOx/TiO2%°, Au/Al,05%,
PdZn/TiO,?°, Pd/TiO2®1, have been developed successively. To be more specific, inexpensive Cu-52
and Co-based’ (Figure 2b) heterogeneous catalysts are found to be good alternatives of Pd-based
catalysts or Fe-, Ni-, Cu- and Co-based homogeneous catalysts with toxic ligands in recent years.

Yang and co-workers®? reported a synthesis method via an in-situ topotactic transformation process



for Cu nanoparticles catalyst Cu/Al.Oz preparation derived from CuAl-layered double hydroxide
(Figure 2c). The heterogeneous catalyst of Cu/Al.Os showed excellent activity for the one-pot
reductive N-methylation of nitroarenes with para-formaldehyde. Various functional groups of
N-methylamines were obtained in good to excellent yield under the optimized reaction conditions
(nitroarenes: 0.5 mmol, Cu/Al203 12 mg, 27 mol% Cu, 15 equiv. (CH20O)n, 2 equiv. Na>xCOs,
130 <C). However, high temperature (120~140 <C), high pressure (2-6 MPa) or excess bases (2
equiv. Na,COz3) are necessary for the insurance of the high yield of target products; meanwhile, the
N-mono-methylation and the N, N-di-methylation products are always generated simultaneously,
leading to extra needs for separation.

So far, the current state of reported works commonly has one or several of the following
problems: 1) noble metals-based homogeneous catalysts need complex or even toxic ligands,
tedious product/catalyst separation process, difficult catalyst recycles and re-usability; 2)
heterogeneous catalysts with earth-abundant transition metal can induce N-methylation but usually
required harsh conditions (high temperature and high pressure); 3) the high equivalent of base
and/or reducing agents were needed in many of the homogeneous and heterogeneous catalyst
systems. To overcome these problems, especially for the development perspectives with
sustainable and environmental goals in the near future, several main factors are required for
seeking a relatively brand-new methodology of N-methylamines, i.e., green reacting reagent, a
fully atom-economic process without any byproduct formation or less green by-product generation
(in general H>O); fairly cheap and possible widely applied industrial scalable heterogeneous
catalysts; mild conditions, easy and convenient procedures of product separation and downstream
processing.

Hence, the development of easily accessible, eco-friendly, highly active, and earth-abundant

transition metal heterogeneous catalysts for N-methylation is increasingly important as these



reactions allow for the cost-efficient production chain and sustainable green chemistry. Perfectly
matched with the above goals, nanomaterials supported non-noble metal catalysts have been drawn
attentions as their highly active single-atom sites and economic production for the N-methylation
industrial application”%%4, Simple metal-supported nanoparticles are mainly prepared via the
thermal (pyrolysis or calcination) or chemical reduction of several respective metal salts loaded on
the nanomaterial supports®®7°. Unfortunately, traditional metal-based catalysts often reflect sleepy
reactivity and poor selectivity in challenging synthetic availability or stability in an acid
environment as a result of leaching’>"®. A key to the more rational preparation of active
nanoparticle catalysts may be the use of structural templates to control a predesign framework of
catalyst bond strongly to the respective metal ion that can effectively avoid the metal leaching
during the synthesis processes®”"*™, In an attempt to fulfill this respect, a type of nanoparticle
catalyst with a graphitic shell which tightly encapsulates the metal ions represents a well-matched
concept for maintaining the satisfying activity and stability of catalysts in an acidic medium and
has recently been applied in a variety of catalytic systems’® 78, Beller and co-workers synthesized a
highly efficient graphitic shell encapsulated nanoscale Co particles and single atoms supported on
carbon catalyst which was derived from the pyrolysis and calcination of a metal-organic
framework (MOF)-derived Co precursor catalyst’. The Co-DABCO-TPA@C-800 catalyst was
active for the preparation of N-methylamines with good to excellent yield; however, fairly harsh
conditions (120 <C, 4 MPa H>) and high-cost solvent t-BuOH were still inevitable for this reaction
(Figure 2b). What is more, during the preparation of active Co-DABCO-TPA@C-800 catalyst, the
unacceptable consumption of necessary energy for the complex step of preparation and the
non-environmental solvent DMF were also required, posing a potential fault for scale-up
performance. Stability and recyclability are crucial features for any heterogeneous catalyst. As

they mentioned, they observed a slight decrease in catalytic activity after six times catalyst



recycles. Thus, it is clear that a fundamental and economic principle to achieve a convenient and

practical chemical synthesis relies on that the catalyst should be simple, effective, stable, and

easily accessible’ /%81,
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Figure 2. N-methylation of amines or nitrobenzenes with various methylation agents

Herein, we developed an environmentally friendly method, using less hazardous solvent
EtOH, in fewer easily practical synthetic steps with low energy consumption, for the preparation
of graphitic shell encapsulated nano-scale Ni/NiO particles (the single atoms supported on carbon
catalyst). The most outstanding advantage of this method is undoubtedly the precise regulation of
the properties of the graphene structure. Generally speaking, the carbon shells for relevant

catalysts reported previously are comprised of multilayer graphitic carbon or composites thereof,



which may significantly reduce the catalytic activity. This occurs since the electronic structure of
outermost carbon layer is only modulated by the electron which is transferred from the
encapsulated metal-core when the shell consists of no more than three to four carbon layers?84,
Hence, the synthesis of carbon-encapsulated Ni-based catalyst with a controllable number of
graphene layers, especially for the catalysts with less than three layers of graphene, is crucial for
the construction of transition metal catalysts with superior activity®. To the best of our knowledge,
controllable thin graphene layers encapsulated Ni/NiO@C catalyst has remained unexplored for
the N-methylation of amines. As a result, we have applied the encapsulated Ni-based nanoparticles
into N-methylation reaction in this work, by utilizing different functional aldehydes and amines as
reagents. In contrast to the previous synthesis routes of catalyst that heterogeneous materials were
generally prepared by impregnation or immobilization, a better in-situ pyrolysis precursor and
graphene encapsulated metal nanoparticles formation, eco-friendly and low energy-consuming
process was better defined and proved. Using this facile synthesis of graphene encapsulated
nanocatalyst Ni/NiO@ and starting from inexpensive, readily available aldehydes, primary,
secondary amines, we undertook the synthesis of more than 65 functionalized, structurally diverse
linear and branched benzylic, and aliphatic N-methylation/N-ethylation products under mild
reaction conditions (80 €€ and 2 MPa H. pressure, 4 h). We have also successfully demonstrated
the scale-up of heterogeneous N-methylation protocol to gram-scale syntheses. Subsequently,
starting from aldehydes, for the first time, we also developed an efficient method for the
preparation of several N-methylation products via tandem reductive amination and N-methylation
without purification of the intermediate by using the single catalyst highly active Ni/NiO@C
(Figure 2d). And surprisingly, this catalyst can be immobilized on the magnetic stirring bar and be
conveniently recycled up to ten times without any loss of catalytic activity and selectivity of the

desired product. Overall, the developed catalyst of Ni/NiO@C has several significant advantages



as below: 1) based on the earth-abundant transition metal Ni, it is cheap, air-stable, easy to
synthesis, and easy to handle; 2) it shows excellent catalytic activity for N-methylation in the
absence of ligand and base; 3) it can be easily separated from the reaction medium by simple
filtration and reused; 4) the reaction is carried out under industrially applicable conditions and the
only by-product was H>0.

Results and Discussion.

The Ni/NIO@C catalysts were synthesized following simple modified three-step procedure
reported in our previous literature®®. All the prepared Ni/NiO@C catalysts and other commercial
catalysts such as Pd/C, Rh/C, Ru/C, Pt/C, and Raney Ni were evaluated in the N-methylation
reaction of benzylamine with formaldehyde under the H> atmosphere as reducing agent. The
solvent adopting for the preparation of catalyst precursors had a great effect on the catalyst
characterization and catalytic activity, as shown in Table 1. For instance, catalyst A, B which were
synthesized by employing H>O as medium showed higher catalytic activity than the corresponding
catalyst C and D using EtOH. Furthermore, the oxidation step had a big effect on the catalytic
activity of the catalysts with EtOH (C, D, G, and H). The optimized catalyst H exhibited excellent
reactivity and selectivity for the desired product (> 99% conversion, 99% vyield of 1). As the
reaction temperature decreased from 80 to 60 <€, the reaction product yield dropped rapidly from
99% to 30% (entries 8-10). The reaction could be carried out in a short time but with acceptable
selectivity (entry 11). When the reaction pressure decreased from 20 to 10 bar, the reaction product
yield dropped from 99% to 73% (entries 11, 13, and 14). Moreover, the catalyst H showed
excellent reactivity and stability even up to ten times the recycling test (entry 15). Other
commercially available noble catalysts also showed good to excellent reactivity (entries 16-18, 20,
and 21). However, the catalyst Ru/C reactivity and selectivity dropped dramatically only after 3

times the recycling test (entry 19). Compared with the commercially available noble catalyst Ru/C,



the Ni/NiO@C catalyst prepared in this work had a big breakthrough and obvious advantages in
catalyst cost, reactivity, and stability. We also characterized the catalyst before and after the
recycling test. According to the high resolution Transmission Electron Microscope (TEM) analysis,
the Ni metal nanoparticles (NPs) that were completely coated by graphene shells (Figure 3a) even
after the recycling test (Figure 3b, 3c). The H catalyst which was after the oxidation step treatment,
not only had the (111) plane of the Ni alloy but also had the (110) plane of the NiO alloy with a
d-spacing of 0.24 nm. Based on the statistical analysis by TEM, the graphene shells on the Ni NPs
are thin (>90% consist of few layers), and this tendency kept unchanged although the catalyst H
was reused up to 10 times. We also did the energy dispersive spectrometer to explore the elemental
distribution of C with white color, Ni with yellow color, and O with blue color on the nanoparticle
surface, whose results found that the oxidized Ni somehow become dominant after a long-time
recycle (Figure 3d, 3e, 3f), in according with the subsequent analysis of X-ray photoelectron
spectroscopy (XPS) and X-ray diffraction (XRD) aimed at the electronic and structural properties
of the catalyst H. As shown in the XPS spectrums (Figure 3g), both metallic Ni® and Ni%* species
were observed on the catalyst surface (Figure 3h). The intensity of Ni** combined with O*
increased after the ten times recycling test., indicating that the catalyst active species Ni® was
transformed to a more stable, higher oxidation state of Ni?* species but still have an obvious active
for the N-methylation reaction. As further shown in the XRD spectra, the graphitic carbon shell,
the Ni alloy (111), Ni (200), NiO (220) and NiO (111) phases were all presented in the catalyst H
before and after recycling reaction (Figure 3h), but with different intensities. The weak peaks of
NiO in the XRD pattern confirmed that the metals were presented as nanosized particles. It was
also founded that the intensity of Ni decreased after ten times recycling, and this was consistent

with the TEM statistical analysis and XPS analysis. From the weak and broad C (002) peaks in



XRD spectrums, thin graphene shells had been formed and this matched well with the statistical

analysis of the number of layers in TEM.

Table 1. Optimization of catalysts and conditions for reductive N-methylation of benzylamine to N,

N-dimethylbenzylamine?

@f\-\_“:e jl Catalyst, H, @/\ @/\ O/\OHJr @/
"H H \/IEOH
1b 1c

Ho pressure  Temperature Time  Yield of 1

Entry Catalyst

(bar) () (h) (%)

1 Ni@C-600-H.0 (A) 20 80 6 92
2 Ni@C-700-H.0 (B) 20 80 6 99
3 Ni@C-600-EtOH (C) 20 80 6 42
4 Ni@C-700-EtOH (D) 20 80 6 77
5 Ni/NiO@C-600-200-1h-H,0 (E) 20 80 6 94
6 Ni/NiO@C-700-200-1h-H-0 (F) 20 80 6 95
7 Ni/NiO@C-600-200-1h-EtOH (G) 20 80 6 96
8 Ni/NiO@C-700-200-2h-EtOH (H) 20 80 6 99
9 Same as entry 8 (H) 20 70 6 85
10 Same as entry 8 (H) 20 60 6 30
11 Same as entry 8 (H) 20 80 4 99
12 Same as entry 8 (H) 20 80 2 72
13 Same as entry 8 (H) 15 80 4 84
14 Same as entry 8 (H) 10 80 4 73
15° Same as entry 8 (H) 20 80 4 99
16 Pd/C 25 70 8 95
17 Rh/C 25 70 8 74
18 Ru/C 25 70 8 99
19¢ Ru/C 25 70 8 59
20 Pt/C 25 70 8 99
21 Raney Ni 25 70 8 99

2 Reaction conditions: 10 mg catalyst, 0.5 mmol benzylamine, 3 mmol formaldehyde (37% aq), 5 mL methanol.
Yields and conversion were determined by GC using 1, 3, 5-trimethoxybenzenen as an internal standard. ®
Recycling test of the Ni-based nano-catalyst after 10 times. ¢ Recycling test of the Ru/C after 3 times.
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Figure 3. Catalyst characterization. TEM images of fresh H catalyst (a), TEM images of the after 1 times
recycle H catalyst (b); TEM images of the after 1 times recycle H catalyst (c); EDS mapping images of the fresh
H catalyst (d), the after 1 times recycle H catalyst (¢), and the after 10 time recycle H catalyst (f); XPS images of
the H catalyst before and after recycle (g); XRD images of the fresh H catalyst, after 1 times recycle H catalyst,

after 10 times recycle H catalyst (h).

After having the optimized reaction conditions in hand for the benchmark reaction, we next
explored the substrate scopes of Ni/Ni@C-700-200-2h-EtOH catalyzed N-methylation of different
functional primary amines with formaldehyde (Table 2). Surprisingly, 21 examples of the 25 tested
aromatic, heterocyclic, and aliphatic amines having different functional groups were converted to
the corresponding N, N-di-methylamines in above 90% yields under the standard mild reaction
conditions (20 bar Hp, 80 <C, and 4 h). The halo-substituted aromatic amines, which are the
important building blocks in pharmaceutical and material synthesis, no matter where the halogen is
located, were well tolerated in this reaction (4, 5, and 8). The biomass derivatives reductive

amination products (12, 13, 14, 23 and 24) can also be converted to the corresponding N,



N-di-methylamines products in good to excellent yield. What is more, the linear, branched and
cyclic aliphatic amines, which were the challenging substrates and previously seldom reported or
with low yield®°%87 were transformed to the corresponding N, N-di-methylated products in
excellent yield (16-22). Encouraged by this success in the N-methylation of primary amines with
formaldehyde, we subsequently explored the secondary amines substrates. As showed in the table
3, to our delight, all the evaluated substrates, such as the aromatic, halo-substituted aromatic,
cyclic, linear and branched aliphatic secondary amines gave the target products in excellent yields
(26-37) as expected.

Table 2. Synthesis of tertiary amine by N-methylation of primary amine catalyzed by

Ni/NiO@C-700-200-2h-EtOH

0 N Aromatic amines
NH NI/N10@C-700-200-2h-EtOH | . ) _—
R - 2 + JL - - N Aliphatic amines
MeOH, 20 bar H,, 80 °C, 4 h ]{/ ™~ Heterocyclic amines
Primary amines H H -

| | N” -
L —
oY oot ot YT
Cl
Cl

1: >99% 2: 97% 3:>99% 4: 95% 5: 95%
|
N~ N~ N__ \ / N
| | N N |
~0 / \
Br
6: 95% 7: 98% 8: 98% 9: 83% 10: >99%
/‘ ‘
== N o]
sUslioe . ¢
o |
0 ~o \
AN I (ONg 5 N
~

11: 76% 12: >99% 13: >99% 14: 92% 15: 91%

| | v | N
N{ AN \(\/ SN
16: > 96% 17: >99% 18: 98% 19: >99% 20: 96%
/ / 0} 0 S

o OX Oy Oy O

/ / /

21: > 99% 22: >99% 23: 87% 24: >99% 25: 64%

Reaction conditions: 10 mg Ni/NiO@C-700-200-2h-EtOH catalyst, 0.5 mmol primary amine, 3 mmol
formaldehyde (37% aq), 5 mL methanol, 20 bar H,, 80 <C, 4 h. Yields and conversion were determined by GC

based on amine. The types of products were determined by GCMS and ‘*H NMR.



Table 3. Synthesis of tertiary amine by N-methylation of secondary amine catalyzed by

Ni/NiO@C-700-200-2h-EtOH

Aromatic amines
TI_\I] O Ni/NiO@C-700-200-2h-EtOH | ) . : .
17 Np2 O+ /LL = N Aliphatic amines
R R H” "H  MeOH.20barHy, 80°C,4h — Rp17 “R2
Secondary amines
) ~ | ~
g~ oV o O
26: >99% 27:>99% 28: >99% 29: >99%
117 TL N~
F N
Cl
30: =>99% 31: 98% 32: >99% 33: 97%
______________ Tt Ly 1 b o T T e e e e L L LS
I !
Ny : | I |
I S N SN A P VNN
1
34: >99% : 35: =99% 36: >99% 37: =99%
1

Reaction conditions: 10 mg Ni/NiO@C-700-200-2h-EtOH catalyst, 0.5 mmol secondary amine, 3 mmol
formaldehyde (37% aq), 5 mL methanol, 20 bar Hz, 80 <C, 4 h. Yields and conversion were determined by GC

based on amine. The types of products were determined by GCMS and *H NMR.

Similarly, encouraged by the successful synthesis of tertiary amine by the N-methylation of
primary or secondary amines with formaldehyde catalyzed with catalyst H, we kept on exploring
the synthesis of tertiary amine starting from primary, secondary amines or dimethylamine and
diethylamine with different functional substituted aldehydes, which were seldom reported
previously. To our delight, most of the aromatic primary and secondary amines were converted to
the corresponding tertiary amines in moderate to excellent yields using different functional
aromatic, aliphatic, cyclic, heterocyclic aldehydes (38-49). To the best of our knowledge, few
works reported the synthesis of tertiary amines using secondary amines and functional aldehydes
via transition metal catalyzed N-methylation method. To develop this method more practically for
wide application, we sequentially investigated aromatic aldehydes with different functional groups.
As exhibited in the Table 3, for the para-substituted aromatic aldehydes, no matter the
electron-withdrawing group or electron with donating group, all of them could be reacted with

dimethylamine and converted smoothly to the corresponding N-dimethylation product with



excellent yield (50-55). When the amine sources changed from dimethylamine to diethylamine,
moderate to a good yield of N-diethylation product (56-63) could still be obtained under the
optimized reaction conditions (20 bar Hz, 80 <C, 4 h). Moreover, the ortho-substituted aromatic
aldehydes 64, 65, and the biomass-derived platform compound 66 could also well-tolerated and

gave the tertiary amines in good yields.

Table 4. Screening aldehydes for Synthesis of tertiary amine by N-methylation of amine catalyzed by

Ni/NiO@C-700-200-2h-EtOH
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N [ NUNIOZC- 0020020 EIOH
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Reaction conditions: 210 mg Ni/NiO@C-700-200-2h-EtOH catalyst, 0.5 mmol primary amine, 3 mmol aldehyde,
5 mL methanol, 20 bar Hz, 90 ‘C, 4 h. 210 mg Ni/NiO@C-700-200-2h-EtOH catalyst, 0.5 mmol secondary
amine, 3 mmol aldehyde, 5 mL methanol, 20 bar Hz, 80 ‘C, 4 h. #*Yields and conversion were determined by GC
based on amine. €10 mg Ni/NiO@C-700-200-2h-EtOH catalyst, 0.5 mmol aldehyde, 0.5 ml dimethylamine
solution (2 M in methanol), 4.5 mL methanol, 20 bar Hz, 80 °C, 4 h. 910 mg Ni/NiO@C-700-200-2h-EtOH

catalyst, 0.5 mmol aldehyde, 1 mmol diethylamine, 5 mL methanol, 20 bar H,, 80 ‘C, 4 h. ®Yields and



conversion were determined by GC based on aldehyde. The types of products were determined by GCMS and 'H

NMR.

Gram-scale reactions and recycling of the catalyst. After developed the successful
synthesis of tertiary amines via the N-methylation of functional amines and functional aldehydes,
we hope to apply this method in the future industry. And here we were delighted to show three
substrates were well performed in this Ni-catalyzed N-methylation reaction at the 1-g scale. They
were similar to those small-scale reactions and excellent yields of the desired product were
obtained for all the three substrates. Furthermore, we also evaluated the catalyst stability and
recycle ability using the benchmark reaction under the optimized reaction conditions. Surprisingly,
compared with the other previously reported catalysts”?%%2 our thin layer graphene shell
encapsulated Ni/NiO@C catalyst showed excellent activity, product selectivity and exhibited
excellent stability. It could be easily recycled ten times without any significant loss of activity
(Figure 4). We have currently applied this highly active, stable, easily hand-able and low-cost

Ni-based catalyst in kg-scale/day and Ton-scale/Year of tertiary amines’ synthesis.
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Figure 4. Gram-scale reactions and recycling of the catalyst. a) Gram-scale reaction conditions: 200 mg
Ni/NiO@C-700-200-2h-EtOH catalyst, 10 mmol amine, 60 mmol formaldehyde (37% aq), 100 mL methanol, 20
bar Hz, 80 C, 4 h. Yields and conversion were determined by GC based on amine. The types of products were
determined by GCMS and 'H NMR; b) Catalyst recycling test reaction conditions: 10 mg
Ni/NiO@C-700-200-2h-EtOH catalyst, 0.5 mmol benzylamine, 3 mmol formaldehyde (37% aq), 5 mL methanol,
20 bar H, 80 ‘C, 4 h. Yields and conversion were determined by GC using 1, 3, 5-trimethoxybenzenen as an

internal standard based on amine. The types of products were determined by GCMS and 'H NMR.

To make this efficient N-methylation process more applicable, we also developed the more
cost-effective and highly practical tandem synthesis of tertiary amines which starts from the easily
accessible aromatic aldehydes and NHs. We combined the reductive amination of aldehydes and
N-methylation of the formed primary amines into an one-pot tandem synthesis process as depicted
in Table 5, by using the only catalyst of Ni/NiO@C without any purification. Excellent yields of
N-diethylation products were obtained for all the tested para-substituted aromatic aldehydes
(67-71). This process is highly cost-efficient, easily separation, high yielding of the desired

product and gave less by-product which matches the sustainable and green chemistry very well.

Table 5. Tandem synthesis of tertiary amines via reductive amination and N-methylation in one-pot process

¢) One-pot tandem synthesis process

T

1

1

(8] 1
\113(\m011) A

N — NH, '

R P 20 bar H,, 90 °C, 4 h LobmH 90 °C, 4h |
I

I

Note: This process was continuously catalyzed by Ni/NiO@C-700-200-2h-EtOH "

e
oY oY NG RECOR
| | ~
~o cl N

67: 98% 68: 96% 69: 95% 70: 94% 71: 95%

Reaction conditions: 10 mg Ni/NiO@C-700-200-2h-EtOH catalyst, 0.5 mmol benzaldehyde, 5 ml ammonia
solution (2 M in methanol), 20 bar Hz, 90 °C, 4 h; After the reaction was completed, add 3 mmol formaldehyde
(37% aq), 20 bar Hz, 90 °C, 4 h. Yields and conversion were determined by GC using 1, 3,
5-trimethoxybenzenen as an internal standard based on amine. The types of products were determined by GCMS

and 'H NMR.
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Figure 5. A possible pathway for Ni/NiO catalyzed N-methylation of amines and aldehydes

Here, according to our studies and controlled experiments, we proposed the mechanism of
Ni/NiO@C catalyzed N-methylation of amines using formaldehyde as the C: source. In this
reaction process, CO> which was normally occurred in the previous reported formic acid process
mechanism, was not observed. So, it could be similar to the reported combination of reductive
amination and twice N-methylation process 628, As shown in Figure 5, the phenylmethanamine
reacted with formaldehyde first to form the intermediate (benzylamino) methanol, and then after a
dehydration reaction, the imine, enamines, or iminium ions was formed. In the following step, the
H-H bond is activated on the surface of Ni/NiO, and in the meantime, the imine intermediate is
also absorbed on Ni/NiO catalyst surface. So, the imine was reduced to N-methyl (phenyl)
methanamine by H-H. Aliphatic amines, which were unreactive in the previously reported Pt/C
N-methylation reaction, also showed excellent reactivity in this Ni/NiO N-methylation reaction.
The second N-methylation process step is slightly different from the first one. In the alkaline
aqueous after the dehydration process, the N-methyl-N-methylene (phenyl) methanaminium is
more stable. Finally, the iminium intermediate was reduced with H, and after the desorption
process, the N, N-dimethyl (phenyl) methanamine product was formed eventually. The most
accepted reductive amination pathway refers to the nucleophilic addition of amine and carbonyl

groups to yield an imine. The imine was then hydrogenated to the desired amine. However, as for



the second amine (such as N, N-dimethylamine), imine cannot be formed according to the above
pathway. A possible intermediate of N, N-dimethylaimines in the Ni/NiO@C catalyzed
N-methylation reaction could be a nitrogen cation. A in situ Raman experiment was used to record
the presence of intermediate species during the reaction under 80<C.
Conclusion

In summary, we have demonstrated a simple, practical, and eco-friendly method for the
preparation of thin graphene spheres encapsulated uniform Ni/NiO nanoalloy catalysts. The high
stable and recyclable heterogeneous catalyst were highly efficient for the N-methylation of a
variety of amines with different functional aldehydes under mild conditions. Both of the primary
and secondary amines (more than 70 examples) with various functional groups including aromatic,
aliphatic, halo-substituted, furan, and thiophene substituents can be converted smoothly to N,
N-dimethylamines or N, N-diethylamines utilizing different functional aldehydes under mild
reaction conditions. The protocol also exhibited an excellent reactivity for the gram-scale synthesis.
Not only that, compared with other previous reported catalysts, the catalyst can be easily recycled
and reused up to ten times without losing any activity and selectivity. And more importantly, for
the first time, we have demonstrated the highly efficient, cost-effective tandem synthesis of N,
N-dimethylamines products via reductive amination of aldehydes and N-methylation of amines in
an one-pot synthetic process. These aforementioned findings open a pathway for an available and
the feasible preparation of cheap but high-performance catalysts toward the N-methylation. By and
large, the advantage of this brand-new method is beneficial for the operational simplicity, high
stability, easily recyclable, cost-effective of Ni/NIO@C catalyst, and good functional group
compatibility for the synthesis of N-methylation products, as well as the highly efficient and

industrial applicable tandem synthesis process.
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