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Abstract
N-methylamines, as an important class of chemicals, crucial building blocks, have been widely used in pharmaceutical companies and materials
synthesis. Transition metal-catalyzed synthesis of N-methylamines, especially the heterogeneous catalyzed N-methylation of amines via different C1
sources has become the most promising methodology, due to the environmentally friendlier process and the recyclable and easily accessible catalysts.
However, these reactions generally require activated toxic methyl iodide or dimethyl sulfoxide, and homogeneous catalysts or Raney nickel catalyst. The
synthesis of amines still suffering from narrow scopes of amines, harsh reaction conditions, low selectivity of the desired products, and against the
requirements of atomic economy and sustainable green environment. Herein, we developed a novel facile synthesis of nitrogen-doped graphene
encapsulated Pd@NC nanocatalysts. The resulting heterogeneous catalyst was active for the synthesis of amines (more than 83 examples, yield up to
99%). The nitrogen-doped effect was unlike the previous report that poisoned the metal, it could increase the interaction with the active metal resulting
in excellent stability. As far as we know, for the �rst time, the developed N-doped graphene encapsulated Pd@NC nanocatalyst showed excellent stability
and activity of amines synthesis in the 20 times’ recycling test, industrially applicable �ow reactor 2880 minutes’ test, and 99% purity of primary amine
and tertiary amines product preparation test. Moreover, we have also shown the high atomic economy and environmentally friendlier tandem �ow
synthesis of N, N-dimethylamine products via the combination of reduction of nitrobenzene and N-methylation of amines, using the single one Pd@NC
nanocatalyst with H2O as the only by-product. Upon our knowledge, this is a novel example of primary amine and tertiary amine synthesis methodology
with the combined cascade reaction and �ow process of nitrobenzene reduction and primary amines N-methylation with a single heterogeneous
catalyst.

Introduction
Amines, as an important class of compounds that are classi�ed as privileged, are not the only important component which widely present in the
biological world, such as proteins, nucleic acids, but also widely applied in the pharmaceutical, �ne, and bulk chemical industries, and materials
synthesis1-5. Most of the clinically used drugs are also amines or amine derivatives. Speci�cally, according to the reported top 200 pharmaceuticals by
Retail Sales in 2020, among the showing chemical structure 120 pharmaceuticals, there are 110 drugs containing nitrogen and/or amino groups which
are amine derivatives6. So far, a lot of researchers have developed many advanced methodologies for the synthesis of amines using alkyl halides
benzenes7, formaldehyde8, paraformaldehyde9, methanol10, dimethyl sulfoxide11, dimethyl carbonate12, and CO2

2,13 as methylation agents. However,
most of the traditional N-methylation synthesis methods of amines suffer from operationally problematic, narrow amines substrates scopes, toxic
methylation reagents, and production of a large amount of waste, which is against the economic, atomic, and sustainable chemistry process
requirements. To overcome the above-mentioned N-methylation process disadvantage, many pioneers’ researchers did a great contribution and
improved it dramatically. Beller and his co-workers applied the RuCl2(dmso)4 complex and BuPAd2 ligand in the synthesis of amines. The PhSiH3 and

CO2 served as the hydrogen source and methylation reagent respectively14. A number of amines were synthesized via N-methylation in good to excellent

yield. Klankermayer group15 later also developed a high e�cient homogeneous catalyst system for the N-methylation of imines, using Ru (triphos)
(tmm) complex and HNTf2 acid. Up to now, there are many advanced N-methylation synthesis processes using not only homogeneous Ru-complex

([RuCpCl2]2/dpePhos10, [Ru(p-cymene)I2]216) but also other homogeneous metal complex like Ir17,18, Rh19, Cu20, Fe21,22, Co23, and Mn24. In the
meantime, the heterogeneous catalyst systems have not only obtained the same rapid development but also attracted more and more attention. They
not only have advantages in catalyst/product separation, no need for additives (acids, ligands, and salts), catalysts recyclability, reuse, etc., but also
show comparable activity and product selectivity, which are very consistent with the goal of the atomic economy and sustainable development25-28. Shi
and his co-workers29 prepared the heterogeneous catalysts Pd/CuZrOx and investigated the N-methylation of amines and nitro compounds with CO2

and H2, high activity and excellent selectivity were obtained for most of the desired amines products. Later, the Zhang group developed the TiO2

supported nano-Pd catalyst and successfully applied it in the synthesis of amines, starting from nitro compounds with MeOH under UV irradiation at
room temperature30. Until recently, heterogeneous transition metal-based catalyst systems Pt-MoOx/TiO2 31, Pd/TiO2 32, PdZn/TiO2 33 have been
reported. But for the increasing demand for amine synthesis, especially the requirements for sustainable environmental and economic performance in
recent years, heterogeneous catalysts are remained poorly developed. At the same time, it is worth noting that the general preparation methods of metal-
supported nanoparticles are thermal (pyrolysis or calcination) and chemical reduction, which involves the reduction of metal salts onto the
nanomaterial supports34-38. Generally speaking, the metal-based supported nanoparticles catalysts usually suffer from poor activity and selectivity in
challenging reactions, active metal species aggregation, or poison during the harsh reaction conditions or poor stability in acids due to leaching39-41. A
possible effective method is making the active metal components “wear bulletproof vests” or “protective armor” 42 just like soldiers, so as to enhance
the stability and anti-interference ability of the active metal components, thereby avoiding the aggregation, poisoning, and loss of the active metal
components during the reaction process. 

Graphene, as currently one of the thinnest, hardest, electrical and thermal conductivity materials, is expected to host interesting new physics properties,
have desirable and available electronic and mechanical properties in the future43-46. Speci�cally, the recent great discovery of superconductivity and
correlated insulating phases in magic-angle twisted bilayer graphene, three-layer graphene, will open more novel great applications of graphene47-49.
The traditional synthesis of graphene normally consists of multilayer graphitic carbon or composites thereof, and in this case, the electronic
transmission between multi-layer graphene is more di�cult and the outermost carbon layer electronic structure is modulated by the electron which is
transferred from the encapsulated metal core, it will reduce catalytic activity50-52. Motivated by the superconductivity of the magic-angle twisted bilayer
graphene this pioneering idea48, herein, we developed a facile synthesis of thin layer graphene (less than �ve) encapsulate Pd@NC nanoalloy catalysts
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(Scheme S1). In this developed advanced synthesis process, more environmentally friendly solvent and fewer synthetic steps were used. Most of the
exciting things are undoubtedly the thin-layer graphene structure regulation and the successful synthesis of the unique graphene encapsulate active
metal species catalysts. We then applied the resulting thin layer graphene encapsulated metal nanoparticles to the challenging reductive hydrogenation
of nitrobenzene and N-methylation of primary amines for the general synthesis of amines. Under quite mild reaction conditions (60 ºC, 1 MPa H2, 4 h),
with the single graphene encapsulated Pd@NC catalyst, more than 83 substrates were successfully transformed to the corresponding amines in
excellent activity of 99% and 99% selectivity. Even in the gram-scale synthesis and cascade �ow synthesis process of nitrobenzene reduction and N-
methylation of amines, the catalyst still showed excellent reactivity and stability. 

Results And Discussion
Catalysts Development and Characterization. The graphene encapsulated Pd catalysts (Pd@NC) were synthesized using the simple modi�ed two-step
procedure (Scheme S1). We used the solvent EtOH instead of H2O for the catalyst precursors preparation, which has been shown a great effect in the

controlling synthesis of graphene layers and catalyst physical properties previously53. The catalyst precursors were obtained easily after stirring at 70
ºC for 4 hours, and then were dried, calcined to give the graphene layer encapsulated nanoparticles catalysts Pd@NC. All the prepared Pd@NC and
commercially available Pd@NC catalysts were characterized by XRD, ICP, XPS, SEM, and TEM for the structural physical properties analysis. As shown
in the SEM images, the two synthesized nitrogen-doping catalysts have uneven particles, while the commercially available Pd@NC catalyst have
uniform nanoparticles (Figure 1a-1c). According to the high-resolution TEM analysis, the two novel prepared N-doping catalysts Pd@NC-2 and Pd@NC-9
which consisted of Pd nanoparticles that were completely encapsulated by thin graphene layers (Figure 1d, 1f), while the commercially available N-
doping catalyst Pd@NC was not observed same the phenomenon. Based on the HRTEM statistical analysis, the optimized N-doping catalyst Pd@NC-2
has less than 5 graphene layers for the nanoparticle Pd species, and >90% of Pd metal species consisted of a few graphene layers. The Pd sources
could affect the catalysts’ physical properties signi�cantly. Based on the high-angle annular dark-�eld STEM analysis, the uniform Pd metal
nanoparticles had been formed for the Pd@NC-2 catalyst (Figure 1j), while for the Pd@NC-9 catalyst, better dispersion was observed for the Pd metal
nanoparticles. And the corresponding energy-dispersive X-ray (EDX) maps showed that the C, N, and O atoms were distributed homogeneously over all
the Pd NPs (Figure 1g-n), which was further con�rmation of the alloy structure of Pd@NC. This phenomenon could further be con�rmed by the XRD, BET,
and ICP analysis of the catalysts. As shown in the XRD images (Figure 2a), all the catalysts showed wide and broad peaks of C (002) between 20 and
30, which con�rmed the successful formation of the thin graphene layers. Although the Pd@NC-2 and Pd@NC-9 showed no big difference in the XRD
images, both of them showed the graphitic carbon shell and the Pd alloy of Pd (111), Pd (200), Pd (220) metal species on the catalyst surface, the
purchased Pd@NC catalyst did not show any obvious peak for the Pd alloy species. This indicated that the Pd species were highly dispersed in the
graphene support. Moreover, the optimized catalyst Pd@NC-2 maintained the structure even after the 20th recycling catalytic test. The Pd@NC-9 has the
lower metal loading of 0.9% compared with the Pd@NC-2 of 8.2% according to the ICP analysis (Table S1). The Pd@NC-2 had the smallest surface area
(119 m2/g) and largest pore size (4.6 nm) among the three catalysts Pd@NC-2, Pd@NC-9 (173 m2/g, 3.1 nm) and purchased Pd@NC (632m2/g, 2.2
nm). Based on the catalysts’ analysis of XPS (Figure 2e-h), in the fresh prepared thin graphene N-doping catalysts Pd@NC-2, Pd@NC-9, two big intensity
peaks of both metallic Pd0 and Pd2+ species were observed at the binding energy of 340 ev, 335 ev, and 343 ev, 337 ev separately. While for the
purchased Pd@NC, it only shows one peak of Pd0 at the binding energy of 335 ev and two peaks of Pd2+ at 343 ev, 337 ev. For the reused catalyst
Pd@NC-2, it showed clearly the three peaks of Pd0 and Pd2+ species. Even some of the active species of Pd0 were transformed to a more stable state
Pd2+, the Pd@NC-2 still has excellent stability and catalytic activity.

Catalytic Reaction of Amines Synthesis. All the prepared catalysts, as well as commercially available catalysts were investigated in the benchmark N-
methylation of benzylamine. As shown in Table 1, when we investigated the catalyst reactivity under 90 ºC, a long reaction time of 12 hours and 20 bars
of H2, excellent catalytic activity, and product selectivity were obtained (entry 1). When the reaction temperature decreased from 80 to 40 ºC, the desired
product yield dropped from 99% to 62% (entries 2-6). We were excited to �nd that the reaction could be carried out in a short time but still with excellent
selectivity (entry 10). When H2 pressure dropped from 20 to 10 bar, the yield of 1 decreased slowly from 99% to 91% (entries 10, 12, and 13). With the
optimized reaction conditions (70 ºC, 2 h, 20 bar H2), the graphene encapsulated catalyst Pd@N/C-9 prepared from different Pd sources and the
commercially available N-doping catalyst Pd@NC showed lower target product yield of 39% and 56% respectively. Even under the reaction conditions of
higher pressure and longer reaction time, the target product yields of the other two commonly used commercial catalysts Pd/C and Rh/C still cannot
achieve very satisfactory results (entries 16, 17).

With the well-de�ned catalyst Pd@NC-2 and optimized reaction conditions in hand, we then investigate the substrate scope of N-methylation reaction
for tertiary amines synthesis (Scheme 1). When the substituent group on the para position changed from H to Methyl, Ethyl, tButyl, excellent selectivity
was obtained for all the phenylmethanamine substrates (1-4). The important building blocks halo-substituted aromatic amines, no matter where the
halogen is located, were successfully transformed to the corresponding tertiary amines in excellent selectivity (5-8). The biomass platform derivatives
amines compounds (9-13) were well tolerated under modi�ed reaction conditions to give the N, N-di-methylamines products in good to excellent yield.
Surprisingly, the high steric substrate diphenylmethanamine could also be converted to the N, N-dimethyldiphenylmethanamine in a 72% yield. Moreover,
the linear branched and cyclic aliphatic amines, furan, thiophene, pyrazole, and pyridine heterocyclic amines, which were previously reported challenging
substrates 54-56, were successfully converted to the corresponding N, N-di-methylated products in good to excellent yield (15-28). The thin graphene layer
encapsulated N-doping catalyst also showed very e�cient reactivity and selectivity in the double dimethylation reaction of diamines (31).
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After the successful synthesis of tertiary amines starting from primary amines and formaldehyde, we then investigated the N-methylation of secondary
amines substrates. As illustrated in Scheme 2, no matter the alkyl substitute or the halogen substitute substrates, the aromatic secondary amines were
well tolerated to give the excellent yield of the target product. The alkyl, aryl, cyclic and halo-substituted benzylic aromatic secondary amines could give
the corresponding tertiary amines in good to excellent yield. The challenging aliphatic and hetero-cyclic secondary amines could also be carried out
under standard reaction conditions smoothly.

As far as we know, there are few reports for the synthesis of tertiary amines using secondary amines and functional aldehydes via transition metal-
catalyzed mono and di-N-methylation methods. Motivated by the successfully developed graphene encapsulated N-doping catalyst Pd@NC-2 catalyzed
N-methylation of primary or secondary amines for the synthesis of tertiary amines, we further explored the Pd catalyzed N-methylation reaction of varied
functional substituted aldehydes with primary, secondary amines. The functionally substituted aldehydes such as aromatic, aliphatic, and heterocyclic
substrates reacted with primary benzenamine smoothly and gave the desired tertiary amines product with moderate to good yield (Scheme 3A, 61-65).
As shown in Scheme 3B and 3C, all the tested aromatic, aliphatic, and furan substituted functional aldehydes were well tolerated, and good to excellent
yields up to 93% were obtained under the optimized reaction conditions (20 bar H2, 80 °C, 4 h) (66-75). We were very excited to represent that this Pd
catalyzed N-methylation methodology could also be applied for the synthesis of tertiary amines from dimethylamine and aromatic, aliphatic aldehydes
(Scheme 3D, 76-80).

Gram-scale reactions, reusability test of the catalyst, and its application in cascade and �ow synthesis. To make the developed Pd catalyzed N-
methylation of tertiary amines synthesis method applicable on an industrial scale in the future, we then investigated the laboratory gram-scale synthesis
of �ve tertiary amines. As shown in Scheme 4A, excellent yields were obtained for all the tested substrates no matter the mono or di N-methylation
products. The stability and recyclability of the catalyst are undoubtedly very important characteristics of any heterogeneous catalyst, and also an
important reference factor for whether the catalyst can be applied to industrialization. Here, we evaluated the graphene thin layer encapsulated Pd@NC
catalyst’s stability and recycle ability using the benchmark reaction. Surprisingly, compared with the commercially available catalysts Pd/C and Pd/NC,
the thin layer graphene shell encapsulated N-doping Pd@/NC-2 catalyst keeps the excellent reactivity (99% con.), stability, and product selectivity (99%
sel.) after 20th recycling test, which showed great potential in the industrial application (Scheme 4B).

Domino or Cascade reactions are sequences of atom-economical chemical transformations avoiding time-consuming protection/deprotection steps
and isolation of intermediates, which are recognized as processes with minimal waste generation, a means to achieve green sustainable chemistry and
a way to develop pharmaceuticals and other �ne chemicals economically, synthetically processes57-59. Since recently the pharmaceutical
manufacturing begun to require high quality of synthesis, environmentally benign methods and reproducibility of manufacturing, another advanced
continuous �ow technology has been developed more recently than batch systems methods, and widely applied in the synthesis of natural products,
materials, and other interest molecules due to its key advantages of improving heat and mass transfer e�ciency, handling of hazardous species, and
faster achievement of scale-up and greater synthetic e�ciency, extremely in terms of safety, yield, and reproducibility60-63. Since both the whole society
and chemists strive for evermore responsible and effective methods for the management of our planet’s precious resources, the combination using
cascade reaction and �ow chemistry synthesis will become increasingly important in the coming years58. Here, we are very excited to show the
successful combination utilization of cascade reaction and �ow-synthesis technology together. As shown in Scheme 4C, the N-doping thin layer
graphene encapsulated Pd@NC-2 catalyst could e�ciently transform nitrobenzene to the corresponding N-methylation product in excellent yield without
isolating the amine intermediate. It is also desired to mention, the Pd catalyzed reduction of 1-(nitromethyl)benzene and Pd catalyzed N-methylation of
phenylmethanamine intermediate were carried out using one solvent MeOH and single heterogeneous catalyst Pd@NC-2 with H2O as the only by-
product, and primary amine phenylmethanamine and N-methylation product N, N-dimethyl(phenyl)methanamine could be obtained separately using the
�ow synthesis process. This developed advanced cascade �ow synthesis of tertiary amines process, which has the obvious advantages of highly cost-
e�cient, easy separation, and high yielding of target product, less and green by-product generation, will open a great potential application in both
academic and industry.

Conclusions
In conclusion, we have demonstrated a simple and environmentally friendly method for the preparation of N-doped thin graphene layers encapsulated
Pd@NC catalysts. The prepared heterogeneous catalyst coupled easily with accessible primary, secondary amines with functional aldehydes under very
mild industrially viable and scalable conditions. It also showed excellent reactivity for the gram-scale synthesis of �ve amines products (activity > 99 %;
selectivity > 99 %) and extremely stability during the 20 times’ recycling test, industrially applicable �ow reactor 2880 minutes’ test, without the
signi�cant loss of activity and selectivity. More importantly, as far as we know, we successfully combined the cascade nitrobenzene reduction, N-
methylation of primary amine with �ow synthesis methodology using single Pd@NC catalyst and single solvent. The aforementioned novel thin
graphene layer encapsulated Pd catalyst and its application in the high atomic economy and environmentally friendlier cascade �ow synthesis of
primary amine and tertiary amine synthesis methodology open up a way for the industrial application of catalysts and their high-value chemical
synthesis applications.
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Tables And Schemes
Due to technical limitations, Table 1 and all schemes are only available as a download in the supplementary �les.

Figures
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Figure 1

SEM images of Pd@N/C-2 catalyst (a), purchased Pd/NC catalyst (b), Pd@N/C-9 catalyst (c); TEM images of Pd@N/C-2 catalyst (d), purchased Pd@NC
catalyst (e), Pd@N/C-9 catalyst (f); EDX element mapping of C, N, O, and Pd of the Pd@N/C-2 catalyst (g-j), Pd@N/C-9 catalyst (k-n).
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Figure 2

XRD images of the fresh Pd@NC-2 catalyst, after 20 times recycle Pd@NC-2 catalyst, Pd@NC-9 catalyst and purchased Pd@NC catalyst (a); XPS
images of fresh Pd@NC-2 catalyst (b), Pd@NC-9 catalyst (c), after 20 times recycle Pd@NC-2 catalyst (d), and purchased Pd@NC catalyst (e); BET
measurements of Pd@NC-2 catalyst (f), Pd@NC-9 catalyst (g) and purchased Pd@NC catalyst (h).
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