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ABSTRACT: The catalytic conversions of biomass and its derivatives into fuels and chemicals require active and stable catalysts. 

Non-noble-metal catalysts typically suffer from deactivation due to the leaching and sintering of the metal species in liquid-phase 

reactions. In this work, we report a facile synthesis of porous-carbon-coated Ni catalysts supported on carbon nanotubes 

(CNFx@Ni@CNTs) by atomic layer deposition for the reductive amination of levulinic acid (LA) with amines to pyrrolidones. 

Under the protection of porous carbon with a moderate thickness, the optimized CNF30@Ni@CNTs catalyst showed a 99% yield of 

pyrrolidones and recyclability of up to 20 runs without the leaching and sintering of Ni nanoparticles. Based on verification exper-

iments and density functional theory calculations, we determined that our Ni-catalyzed reductive amination of LA with amines un-

derwent an unconventional pathway via amides as the first intermediate, followed by tandem cyclization, intramolecular dehydra-

tion and hydrogenation to the desired pyrrolidones. This pathway was completely different from the reported imine-intermediated 

route in Pt-catalyzed systems. This work provides insights into the design of active and stable heterogeneous catalysts for liquid-

phase reactions as well as into switching reaction pathways to realize the replacement of noble metals for the transformation of bio-

based multifunctional substrates. 

KEYWORDS: catalyst stability, atomic layer deposition, reaction pathway, biomass conversion, levulinic acid 

1. INTRODUCTION 

Over the past decade, the energy crisis has driven numerous 

studies on the conversion of biomass into fuels and valuable 

chemicals.
1-10

 Unlike petroleum-based raw materials, biomass 

feedstocks are highly functionalized and thermally unstable, 

thus making them very difficult to be refined in the gas phase. 

Consequently, catalytic upgrading is typically performed in 

liquid-phase reactions.
11-17

 In liquid media, heterogeneous 

metal catalysts typically suffer from irreversible deactivation 

caused by active metal species leaching into solution.
18,19

 This 

deactivation greatly impedes the utilization of a catalyst in 

industrial processes, as the replacement of the deactivated 

catalyst requires shutdown and disposal of solid waste.
20

 

Therefore, the catalyst stability is crucial to the economic and 

environmental sustainability of a catalytic process.  

An effective strategy to prevent active metal species from 

leaching and sintering is encapsulating metal catalysts within a 

protective “overcoat”, such as a two-dimensional material,
21,22

 

metal oxide
20,23

 or micro-/mesoporous zeolite.
24-31

 The over-

coats should be sufficiently porous to allow the free access of 

reactants and products to metal surfaces.
29

 Additionally, the 

overcoat thickness is critical to the catalytic performance. A 

thick coating has a negative impact on mass transfer, while too 

thin of an overcoat may allow metal leaching. Accordingly, 

the precise control of the coating thickness on the atomic scale 

is intensively desired. Atomic layer deposition (ALD) is a 

useful technique that can precisely tailor the thickness of a thin 

film as well as control the size of nanoparticles/nanoclusters in 

the design and preparation of a catalyst.
32-42

  

Levulinic acid (LA) is a sustainable platform molecule from 

biomass.
43-46

 LA contains one carbonyl and one carboxyl 

group in its structure, which can react with amines to provide 

imines and amides, respectively. Recently, the reductive ami-

nation of LA with amines to pyrrolidones, important com-

pounds as surfactants, solvents, and intermediates for pharma-

ceuticals, has been studied using supported metal catalysts.
47-56

 

In these works, imines were recognized as the first intermedi-

ates formed over noble-metal catalysts.
49,51,52,56

 Most literature 

has focused on improving the catalytic activity and selectivity 

of this transformation. However, these reports have only occa-

sionally discussed the stability issues of the metal catalysts, 

especially involving non-noble metals. 

Herein, we report a facile ALD approach for the synthesis 

of porous-carbon-coated Ni nanoparticles (NPs) supported on 

carbon nanotubes (CNTs) (CNFx@Ni@CNTs) for the reduc-

tive amination of LA with amines to pyrrolidones. We elabo-

rately tailored the thickness of the porous carbon nanofilms by 

simply controlling the number of ALD cycles. The optimized 

CNF30@Ni@CNTs catalyst was very stable in the liquid phase 

and could be reused up to 20 runs without the loss of activity, 

while the conventional bare Ni catalyst showed poor stability 

due to severe Ni leaching. Finally, we proposed an alternative 

Ni-catalyzed reaction pathway via amide intermediates, which 

was verified by the combination of confirmatory experiments 

and density functional theory (DFT) calculations. 

2. RESULTS AND DISCUSSION 

2.1. Preparation of CNFx@Ni@CNTs Catalysts and their 

Application in the Reductive Amination of LA 
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Figure 1. (A) Illustration of the catalyst preparation; TEM images of (B-D) PIx@NiO@CNTs, (E, H) CNF10@Ni@CNTs, (F, I) 

CNF30@Ni@CNTs and (G, J) CNF80@Ni@CNTs. 

Figure 1A illustrates the preparation procedure for the 

CNFx@Ni@CNTs catalysts. NiO NPs and polyimide (PI) 

films were sequentially deposited on CNTs by ALD to give 

PIx@NiO@CNTs, where x represents the number of ALD 

cycles of the deposited PI films. The obtained samples were 

then treated with a 10% H2/N2 mixture at 600 °C. During the 

treatment, the PI films were pyrolyzed to carbon nanofilms, 

while the NiO NPs were simultaneously reduced to metallic 

Ni NPs, eventually providing the CNFx@Ni@CNTs catalysts. 

Inductively coupled plasma-atomic emission spectroscopy 

(ICP-AES) confirmed the Ni content in each sample as 10 

wt %. Transmission electron microscopy (TEM) images of as-

prepared PIx@NiO@CNTs showed that the CNTs were clearly 

coated with uniform PI films. The thicknesses of PI films were 

approximately 3.3, 5.5 and 22.5 nm after 10, 30 and 80 ALD 

cycles, respectively (Figure 1B-D). After calcination, all the 

CNFx@Ni@CNTs catalysts showed uniform Ni NPs with 

average diameters of 22-24 nm on the surface of CNTs (Figure 

1E-G). After ten cycles of the PI films, the obtained carbon 

nanofilms were very thin, beyond our observational detection 

limits (Figure 1H). When the number of ALD cycles was in-

creased to 30 and 80, the Ni NPs were coated by few-layer 

carbon shells with thicknesses of 2.0-2.4 (Figure 1I) and 3.0-

6.0 nm (Figure 1J), respectively. Upon pyrolyzation, the PI 

layer largely shrunk, thus creating numerous micropores 

and/or mesopores in the carbon shells.
57,58

 Notably, the carbon 

shells were not perfectly closed, with lots of defects such as 

small channels, as demonstrated in Figure 1I and 1J, allowing 

the underlying Ni NPs to be accessible to substrates. The inset 

image in Figure 1I demonstrates a lattice d-spacing of 0.2 nm, 

well consistent with the (111) planes of metallic Ni.
21

  

N2 adsorption/desorption measurements were then per-

formed to investigate the porous structures of the carbon-

coated Ni@CNTs catalysts.  
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Table 1. Reductive amination of LA with benzyl (Bn) 

amine over various catalysts
a
 

 

Entry Catalyst 
Yields / % 

M3 BMP M4 

1 Ni@CNTs 1 (34b) 99 (65b) - 

2 CNF10@Ni@CNTs 1 (32b) 99 (68b) - 

3 CNF20@Ni@CNTs 1 (31b) 99 (69b) - 

4 CNF30@Ni@CNTs 1 (30b) 99 (69b) - 

5 CNF50@Ni@CNTs 26 (72b) 72 (28b) - 

6 CNF80@Ni@CNTs 27 (73b) 70 (26b) - 

7 Ni/CNTs 8 90 - 

8 Ni/C 1 99 - 

9 Ni/TiO2
c 33 34 17 

10 Ni/NbOPO4
c 31 42 22 

11 Ni/HZSM-5c 21 21 36 

12 Ni/SAPO-34c 25 32 26 

13 Blankc 32 - 29 
aReaction conditions: LA (10 mmol), BA (10 mmol), catalyst 

(0.03 g, 10 wt % Ni), γ-valerolactone as a solvent (4 mL), 3.0 

MPa H2, 130 °C, and 6 h. bReaction time of 4 h. cThe other prod-

ucts are mainly N-benzyl-4-oxopentanamide (M1) and 1-benzyl-

5-hydroxy-5-methylpyrrolidin-2-one (M2), and their yields are 

listed in Table S1. M3: 1-benzyl-5-methylenepyrrolidin-2-one, 

BMP: 1-benzyl-5-methylpyrrolidin-2-one, M4: 1-benzyl-4-(1-

benzyl-2-methyl-5-oxopyrrolidin-2-yl)-5-methyl-1H-pyrrol-

2(5H)-one. Yields of M3, M4 and BMP were determined by GC 

analysis with 1,4-dioxane as an internal standard.  

As presented in Figure S1A, the isotherm curves of the 

Ni@CNTs and CNF30@Ni@CNTs samples displayed typical 

H3-type hysteresis loops, indicating the existence of slit mes-

opores, in agreement with the narrow pore size distributions at 

approximately 4 nm (Figure S1B). Moreover, we found an 

obvious increase in the pore volume between 2-3 nm for the 

CNF30@Ni@CNTs sample, implying the generation of more 

mesopores during the carbonization of PI.
59

 The Brunauer-

Emmett-Teller (BET) surface area of CNF30@Ni@CNTs (102 

m
2
 g

-1
) was higher than that of Ni@CNTs (88 m

2
 g

-1
) (entries 1 

and 2, Table S1), further proving the existence of abundant 

pores surrounding the Ni NPs. Such porous shells guarantee 

that the underlying metal surfaces will be easily accessed by 

reactants. 

The prepared CNFx@Ni@CNTs catalysts were applied to 

the reductive amination of LA with benzyl amine (BA) to 1-

benzyl-5-methylpyrrolidin-2-one (BMP). As listed in Table 1 

(data in parentheses), after 4 h of reaction, the BMP yields 

over the CNFx@Ni@CNTs catalysts with small number of 

ALD cycles (x = 10, 20, and 30) were nearly identical (68-

69%, entries 2-4). As a reference, uncoated Ni@CNTs showed 

a slightly lower yield (65%, entry 1), indicating that the thin 

overcoats did not block the exposure of the underlying active 

metal and mass transport. However, under the same conditions, 

only 28% and 26% yields of BMP were obtained over 

CNF50@Ni@CNTs and CNF80@Ni@CNTs (entries 5 and 6), 

respectively, suggesting that the thick shells greatly impede 

mass transfer and thus slow the reaction rates. Importantly, we 

also detected an important unsaturated product, 1-benzyl-5-

methylenepyrrolidin-2-one (M3), with a yield of 30-73% (en-

tries 1-6) in all 4 h reaction systems. As M3 can be easily con-

verted to BMP via C=C hydrogenation, we believe that M3 is 

an essential intermediate to give the final BMP. 

We then prolonged the reaction time to 6 h, and as expected, 

the amount of M3 decreased to some extent for all the tested 

catalysts. Specifically, we obtained nearly complete reactions, 

with BMP yields of 99%, over CNFx@Ni@CNTs (x = 0, 10, 

20, and 30) (entries 1-4). However, for the CNFx@Ni@CNTs 

(x = 50 and 80) catalysts with thick shells, the BMP yields 

only enhanced to 70-72%, still retaining 26-27% M3 (entries 5 

and 6), proving again the importance of a moderate carbon 

thickness. We also calculated the turnover number (TON) of 

the CNF30@Ni@CNTs catalyst. As shown in Table S2, we 

obtained a high TON of up to 1343 by decreasing the catalyst 

loading and prolonging the reaction time, which is slightly 

lower than the TON (1475) of the referenced Pt/C catalyst 

under the same conditions. 

To gain more insight into the effect of the support, we pre-

pared reference catalysts with the Ni catalyst loaded on vari-

ous supports by an incipient wetness impregnation method, 

referred to as Ni/supports. As shown in Table 1 (entries 7 and 

8), Ni/CNTs and Ni/C (activated carbon) exhibited compara-

tive BMP yields as CNFx@Ni@CNTs (x = 0, 10, 20, and 30). 

In contrast, acidic supports, including TiO2, NbOPO4, HZSM-

5 and SAPO-34 (entries 9-12), had negative influences on the 

BMP yield (only 21-42%), with certain amounts of unreacted 

precursors (N-benzyl-4-oxopentanamide (M1), 1-benzyl-5-

hydroxy-5-methylpyrrolidin-2-one (M2) and M3) observed. 

Additionally, we detected a by-product, 1-benzyl-4-(1-benzyl-

2-methyl-5-oxopyrrolidin-2-yl)-5-methyl-1H-pyrrol-2(5H)-

one (M4), with a considerable yield varying from 17 to 36%. 

The above results suggest these acidic supports not only slow 

the tandem transformation of M1, M2 and M3 to BMP but 

also favor the formation of the by-products. 

The relative acidity of each support was then determined by 

NH3 temperature-programmed desorption (NH3-TPD, Figure 

S2), and the results are listed in Table S1. The order of acidity 

was as follows: TiO2<NbOPO4<HZSM-5<SAPO-34. After 

correlating the BMP yield with the acidity, a straight-forward 

linear relationship was not found, as the surface area and Ni 

particle diameter may also affect the catalytic performance 

(see detailed discussion in the Supporting Information). 

A blank reaction was also performed, showing no detection 

of BMP without a catalyst (entry 13, Table 1). Instead, a con-

siderable amount of M3 (32%) and M4 (29%) were found, 

accompanied with some amounts of M1 and M2, which indi-

cates that the hydrogenation of M3 to BMP was a catalyzed 

step, while the formations of M1, M2, M3 and M4 were non-

catalyzed steps. The Ni catalysts efficiently hydrogenated the 

C=C bond in M3, thus pushing the reaction to BMP. Corre-

spondingly, such catalytic hydrogenation inhibited the genera-

tion of by-product M4. 

To examine the real reusability of the Ni catalysts, a reac-

tion time of 4 h was chosen to obtain a moderate BMP yield. 

As shown in Figure 2 (black bar), the CNF30@Ni@CNTs cata-

lyst displayed good stability and was recycled for 20 runs 

without apparent activity loss. ICP-AES analysis of the filtrate 

confirmed that the Ni content in the solution was below the 

detection limit (Table S3). Additionally, the average Ni NPs 

size in the spent CNF30@Ni@CNTs catalyst (Figure S5) was 

similar to that of the fresh catalyst (Figure 1F). In contrast, the 

uncoated Ni@CNTs catalyst prepared by ALD could only be 
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Scheme 1. Reaction pathways for the reductive amination of LA with amines (A) detected in this work using BA as an example and 

(B) reported by previous literature. 
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Figure 2. Catalyst reuse study for the reductive amination of LA 

with BA over CNF30@Ni@CNTs (black), Ni@CNTs (red) and 

Ni/C (green). Reaction conditions: LA (10 mmol), BA (10 mmol), 

catalyst (0.03 g, 10 wt % Ni), γ-valerolactone as a solvent (4 mL), 

3.0 MPa H2, 130 °C, and 4 h.  

 

reused seven times. Deactivation of the uncoated Ni@CNTs 

occurred at the eighth run (red bar) due to Ni leaching, as evi-

denced from TEM (Figure S6) and ICP-AES (Table S3). The 

Ni/C catalyst displayed even worse reusability. The BMP 

yield declined significantly at the fourth and fifth runs (green 

bar). TEM images of the fresh and spent Ni/C catalysts (Fig-

ure S7) indicated most of Ni particles were detached after five 

runs. ICP-AES analysis of the filtrate showed that the Ni con-

tent in solution was 7.9 wt % of the original Ni content (Table 

S3), further suggesting the severe leaching of the Ni NPs. We 

then performed a hot filtration test to verify the heterogeneity 

of our reaction. After a 3 h reaction, the Ni/C catalyst was 

filtered off, and the reaction was re-run for an additional 3 h. 

Figure S8 depicts that no further formation of BMP was de-

tected after removal of Ni/C, demonstrating that our reaction 

was catalyzed by Ni/C rather than leached Ni NPs in the solu-

tion. From the above analyses, we conclude that the outer po-

rous carbon nanofilms effectively protected the underlying Ni 

NPs against leaching and sintering in the liquid-phase reaction, 

thus ensuring extraordinary stability of the CNF30@Ni@CNTs 

catalyst. 
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Figure 3. Time-course plots of the reductive amination of LA 

with BA over the Ni/C catalyst. Reaction conditions: LA (10 

mmol), BA (10 mmol), Ni/C catalyst (0.03 g, 10 wt % Ni), γ-

valerolactone as a solvent (4 mL), 3.0 MPa H2, and 130 °C. M1: 

N-benzyl-4-oxopentanamide, M2: 1-benzyl-5-hydroxy-5-

methylpyrrolidin-2-one, M3: 1-benzyl-5-methylenepyrrolidin-2-

one, BMP: 1-benzyl-5-methylpyrrolidin-2-one. 

2.2. Verification of the Reaction Pathway Catalyzed by the 

Ni Catalyst. 

To explore the reaction route, we used Ni/C as a model cata-

lyst to analyze the reaction intermediates in our Ni-catalyzed 

reductive amination of LA with BA. Importantly, the interme-

diates in our system are quite different from those in noble-

metal-catalyzed reactions, suggesting a completely different 

reaction pathway. Time-course product distributions provided 

detailed information for the reaction route, as shown in Figure 

3. During the reaction, four compounds were isolated and 

identified by nuclear magnetic resonance (NMR) spectroscopy, 

infrared spectroscopy (IR) and high-resolution mass spectrom-

etry (HRMS) (see Supporting Information), i.e., M1, M2, M3 

and BMP. The identities of M1, M2 and M3 as reaction in-

termediates were preliminarily deduced from their structures 

(Scheme 1A). As shown in Figure 3, M1 and M2 gradually 

disappeared within 3 h, while the M3 slightly grew over the 

first 3 h and then dropped with prolonged time. During the 

entire period, the BMP yield steadily increased up to 99%  
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Table 2. Rates of LA, M1, M2, M3 transformations at 0.5 h 

of reaction 

Elementary 

reaction step 

Ratea / 

μmol gcata
-1 s-1 

Rateb / 

μmol gcata
-1 s-1 

LA→M1 1852 463 

M1→M2 1463 375 

M2→M3 1317 234 

M3→BMP 606 161 

M2→M4 - 96 

aEvaluated from Figure 3. bEvaluated from Figure S9. Detailed 

rate calculations are included in the Supporting Information.  

after 6 h. This trend clearly indicated that BMP was formed 

via a tandem route through M1, M2 and M3. Note that LA 

and BA were not detected after 0.5 h, implying a fast and 

complete conversion.  

Under solvent-free conditions (Figure S9), another product, 

M4, was detected as a competitive by-product for BMP. NMR, 

IR and HRMS analyses (see the Supporting Information) con-

firmed the molecular structure of M4. 1-Allyl-5-hydroxy-5-

methylpyrrolidin-2-one (R1) has been reported to undergo 

intermolecular dehydration to 1-allyl-4-(1-allyl-2-methyl-5-

oxopyrrolidin-2-yl)-5-methyl-1H-pyrrol-2(5H)-one (R2) 

(Scheme S1).
60

 Our NMR, IR and HRMS analyses showed 

that M2 and M4 had similar structures to R1 and R2, respec-

tively. Therefore, we propose that M4 is formed via the inter-

molecular dehydration of M2, as presented in Scheme 1A. 

We next calculated the reaction rates of LA→M1, M1→ 

M2, M2→M3, M3→BMP, and M2→M4 over Ni/C based on 

the data at 0.5 h from Figures 3 and S9 (detailed calculation 

method provided in the Supporting Information), as summa-

rized in Table 2. The transformation of LA to M1 was faster 

than the subsequent four reaction steps. The hydrogenation 

rate of M3 to BMP was the slowest, suggesting this step as 

rate limiting. Importantly, the rate of each step using γ-

valerolactone as the solvent was much higher than that without 

a solvent, indicating that γ-valerolactone not only prevented 

the formation of undesired M4 but also accelerated the genera-

tion of the targeted BMP. Moreover, various solvents were 

studied, and we screened the bio-derived γ-valerolactone as 

the best solvent to produce BMP (Table S4, see further dis-

cussion in the Supporting Information). 

Notably, the first intermediate (M1) in the Ni-catalyzed sys-

tem is an amide, which is quite different from the reported 

imine as the first intermediate in the Pt-catalyzed reaction. 

Considering the C=N hydrogenation step as the key to be-

tween the imine/amide, we compared Pt/C and Ni/C in the 

reduction of N-benzylpentan-2-imine (1a), which is structural-

ly similar to LA. Since the 1a hydrogenation rate over Pt/C 

was too fast to track record, the Pt/C loading was decreased to 

one fifth that of Ni/C. As shown in Figure 4, the TON of Pt/C 

was much higher than that of Ni/C, implying Pt/C possesses a 

higher C=N bond hydrogenation activity to produce N-

benzylpentan-2-amine (1b). 

To deeply understand the difference in the C=N hydrogena-

tion activity between Ni/C and Pt/C, we calculated the C=N 

bond distances, adsorption energies of 1a and charge states of 

the N atoms on Ni(111) and Pt(111) surfaces by DFT calcula-

tions with the adsorption models described in Figure 5.  
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Figure 4. TONs for the hydrogenation of 1a over the Pt/C and 

Ni/C catalysts. The TON is calculated as the moles of 1b / moles 

of Ni or Pt. Reaction conditions: 1a (10 mmol), Pt/C (0.002 g, 5 

wt % Pt) or Ni/C (0.01 g, 10 wt % Ni), THF as a solvent (4.0 mL), 

3.0 MPa H2, and 130 °C.  

Table 3. Reductive amination of pentan-2-one with BA
a
 

 

Entry Catalyst 
Pentan-2-one 

conversion / % 

Selectivity / % 

1a 1b 

1 Pt/C 91 2 98 

2 Ni/C 58 97 3 
aReaction conditions: pentan-2-one (10 mmol), BA (10 mmol), 

Pt/C (0.002 g, 5 wt % Pt) or Ni/C (0.01 g, 10 wt % Ni), THF as a 

solvent (4.0 mL), 3.0 MPa H2, 130 °C, and 1 h. 

The corresponding values are listed in Table S5. As displayed 

in Figure 5A, B and D, the C=N bond distance of 1a remained 

almost unchanged before and after adsorption on the Ni(111) 

surface, while the bond distance increased from 1.294 to 1.343 

Å on the Pt(111) surface, suggesting 1a can be activated on 

Pt(111). Meanwhile, as labeled in Figure 5C and E, the ad-

sorption distance of 1a on the Pt(111) surface was shorter than 

that on the Ni(111) surface, suggesting 1a has a stronger affin-

ity to the Pt surface. To further prove this, we calculated the 

adsorption energies of 1a on both Pt(111) and Ni(111) surfac-

es. As expected, the former (-1.84 eV) was much higher than 

the latter (-0.21 eV). Moreover, the charge of the N atom 

changed from -0.4 to -0.36 e after 1a was adsorbed on the 

Pt(111) surface, while the charge remained unchanged on Ni 

(Table S5), demonstrating a considerable charge transfer be-

tween 1a and Pt. The electron transfer would promote the fa-

vorable chemisorption of 1a on the Pt surface.
61

 In the litera-

ture, the reported H2 chemisorption energies on Ni(111) and 

Pt(111) surfaces were -2.9
62

 and -0.77
63

 eV, respectively, 

demonstrating H2 has a stronger affinity to a Ni surface.  

The Sabatier principle states that too weak or too strong of 

an interaction between a catalyst surface and adsorbed species 

will result in poor catalytic activity.
64

 Apparently, for the Ni 

catalyst, the weak chemisorption of imines results in difficult 

activation, and the strong adsorption of H2 molecules causes 

competitive adsorption of H2, resulting in excessive blocking 

of the Ni surface sites, both of which eventually lead to poor 

hydrogenation activity. On the contrary, the Pt surfaces 
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Figure 5. (A) Species 1a before adsorption, and the top and side views of the adsorption of 1a on (B, C) Ni(111) and (D, E) Pt(111) sur-

faces. Nickel atoms ( ), platinum atoms ( ), carbon atoms ( ), oxygen atoms ( ), and nitrogen atoms ( ).  

 

0 2 4 6 8 10 12 14 16 18 20

0

10

20

30

40

50

60

70

80

90

100

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

0

10

20

30

40

50

60

70

80

90

100

 

 

C
o

n
v

e
r
si

o
n

 &
 S

e
le

c
ti

v
it

y
 /

 %

Time / h

(B)

 

 

 Pentan-2-one conversion

 Selectivity to 1a

 Selectivity to 1b

 Selectivity to 1c

C
o

n
v

e
r
si

o
n

 &
 S

e
le

c
ti

v
it

y
 /

 %

Time / h

(A)

 

Figure 6. Effect of pentanoic acid on the reductive amination of pentan-2-one with BA over the (A) Pt/C and (B) Ni/C catalysts. Reaction 

conditions: pentan-2-one (10 mmol), BA (10 mmol), pentanoic acid (10 mmol), Pt/C (0.002 g, 5 wt % Pt) or Ni/C (0.01 g, 10 wt % Ni), 

THF as a solvent (4.0 mL), 3.0 MPa H2, and 130 °C. 

 

showed relatively weak H2 adsorption and high affinity to 1a. 

These adsorption characteristics allow 1a to be easily activated 

and subsequently hydrogenated by H2, providing high C=N 

hydrogenation activity over Pt/C. 

We then attempted to examine if the difference in hydro-

genation capability influenced the product distributions in the 

reductive amination reactions over the Pt/C and Ni/C catalysts. 

Here, we used pentan-2-one to react with BA as an example. 

As expected, as shown in Table 3, we obtained 91% conver-

sion of pentan-2-one with 98% selectivity to 1b over Pt/C due 

to the high C=N hydrogenation activity. However, Ni/C pro-

vided imine 1a as a major product with a poor pentan-2-one 

conversion (58%). The experimental results indicate that the 

large differences in C=N hydrogenation activity between Pt/C 
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and Ni/C effectively altered the product distributions in the 

reductive amination reactions. 

To study the effect of the terminal carboxylic acid group in 

LA on the entire reaction, we introduced pentanoic acid as a 

mimic into the above reductive amination of pentan-2-one 

with BA. As shown in Figure 6, N-benzylpentanamide (1c) 

was generated through the condensation of BA and pentanoic 

acid, which will compete with the formation of 1a from BA 

and pentan-2-one. For the Pt/C catalyst (Figure 6A), the hy-

drogenated product 1b was primarily formed; 1c was not 

found at the initial stages and only appeared with low selectiv-

ity (<10%) after 1.3 h. In contrast, for the Ni/C catalyst, the 

selectivity to 1c gradually increased from 47 to 77%, while the 

selectivity to 1a decreased from 42 to 2% with increased time 

(Figure 6B), indicating the hydrolysis of 1a back to pentan-2-

one and BA. Consequently, BA reacted with pentanoic acid to 

give 1c as the major product. Based on the above analyses, we 

conclude that the large difference in the C=N hydrogenation 

activity between Pt/C and Ni/C switched the selectivity for the 

formation of imines/amides for the present reductive amina-

tion reaction. Therefore, regarding the reductive amination of 

LA with BA, we propose that Pt/C would favor the formation 

of imines as the first intermediate, which can then be efficient-

ly hydrogenated to the corresponding amines, followed by 

cyclized dehydration to pyrrolidones (Scheme 1B). In contrast, 

Ni/C would promote the generation of amides as the first in-

termediate, which undergoes tandem cyclization, intramolecu-

lar dehydration and hydrogenation to give the final pyrroli-

done (Scheme 1A). 

Finally, we studied the application scope of the Ni-

catalyzed reductive amination of LA with alkyl amines. As 

listed in Table S6, the reactions with alkyl amines (entries 1-4) 

and cycloalkyl amines (entries 5 and 6) completely converted 

LA with good yields (>84%) to the corresponding pyrrol-

idones after 10 h reactions. Note that the yields of the pyrrol-

idones strongly depended on the carbon chain length, which 

may be ascribed to the steric hindrance for the hydrogenation 

of 1-R-5-methylenepyrrolidin-2-one to pyrrolidones. 

3. CONCLUSIONS 

We successfully developed a facile ALD preparation of 

CNFx@Ni@CNTs catalysts with a thickness-controlled po-

rous carbon coating on Ni NPs for the reductive amination of 

LA with amines to pyrrolidones under liquid-phase conditions. 

Under the protection of porous carbon with moderate thick-

ness, the CNF30@Ni@CNTs catalyst was recycled for 20 runs 

without observable leaching or sintering of the Ni NPs. The 

porous and defective nature of the carbon shells with an ap-

propriate thickness allowed reactants to easily access the un-

derlying Ni NPs. On the other hand, we found the Ni-

catalyzed reaction mechanism to be quite different from the 

previously reported noble-metal-catalyzed reaction pathway 

via imine intermediates. In our system, amides were first 

formed as the important intermediate and subsequently un-

derwent tandem cyclization, intramolecular dehydration and 

hydrogenation to the desired pyrrolidones. C=N hydrogenation 

experiments and DFT calculations indicated that the weak 

adsorption of imines on the Ni surface had an adverse effect 

on the hydrogenation of imines. We also found that imines can 

be hydrolyzed back to LA and amines in the presence of car-

boxyl groups, which can competitively react with amines to 

afford amides. These findings provide an elaborate concept to 

design stable heterogeneous catalysts for use under liquid-

phase conditions and to realize replacements for noble-metal 

catalysts for the conversion of multifunctional substrates.  

4. EXPERIMENTAL SECTION 

Preparation of the Catalysts. The CNFx@Ni@CNTs cata-

lyst (10 wt % Ni) was fabricated by ALD. The deposition of 

NiO and PI were performed in a hot-wall, closed chamber-

type ALD reactor. First, NiO NPs were deposited on CNTs 

using 200 ALD cycles at 300 °C with nickelocene and ozone 

as precursors. The former source was maintained at 75 °C. 

Then, NiO@CNTs was further coated by a PI film with x (x = 

0, 10, 20, 30, 50, and 80) cycles at 170 °C with ethylenedia-

mine and pyromellitic dianhydride as precursors, which were 

maintained at 180 °C and room temperature, respectively. The 

as-prepared samples were treated under H2/N2 (10/90) at 

600 °C for 2 h (3 °C min
-1

) to obtain CNFx@Ni@CNTs. 

The supported Ni catalysts (10 wt % Ni) were prepared by 

incipient wetness impregnation using an aqueous solution of 

Ni(NO3)2·6H2O and various supports (SAPO-34, HZSM-5, 

NbOPO4, TiO2, C and CNTs). The as-prepared samples were 

reduced under H2/N2 (10/90) at 450 °C for 4 h and were de-

noted as Ni/support. The Pt/C catalyst (5 wt % Pt) was synthe-

sized with the same procedure using H2PtCl6 as a precursor 

and with reduction at 250 °C for 2 h. 

Catalyst Characterization. TEM measurements were per-

formed on an FEI Tecnai G2 F20 S-Twin electron microscope 

operated at an acceleration voltage of 200 kV. The metal 

leaching was measured by ICP-AES using a Perkin-Elmer 

OPTIMA 3300 DV spectrometer (Norwalk, CT, U.S.A.). N2 

adsorption/desorption was performed using a Micromeritics 

ASAP 2020 instrument. Before the measurements, each sam-

ple was outgassed at 300 °C for 4 h under vacuum to remove 

moisture and volatile impurities.  

Catalytic Reactions. The catalytic reactions were per-

formed in a 100-mL stainless steel batch autoclave reactor 

(Parr Instrument Company). In a typical reaction, the reactor 

was loaded with LA (10 mmol), an amine (10 mmol), solvent 

(4 mL) and catalyst (0.03 g). The reactor was purged with H2 

five times then charged with 3 MPa H2 and heated to 130 °C. 

After the reaction, the reactor was cooled to room temperature, 

and H2 was released. Qualitative identification of the products 

was achieved by gas chromatography MS (GC-MS) (Agilent 

5975C/7890A). The products BMP, M3 and M4 were quanti-

fied with 1,4-dioxane as an internal standard using a gas 

chromatograph (Agilent GC-7890A) equipped with an ATSE-

54 capillary column (60 m × 0.32 mm × 0.1 μm) and a flame 

ionization detector. The quantitative analyses of M1 and M2 

(external standard method) were performed using a high-

performance liquid chromatography (Agilent 1260) apparatus 

equipped with an evaporative light scattering detector 

(ALLTECH 3300) and an Agilent 5 HC C18 (2) column 

(250×4.6 mm).  

General Procedure for the Recycling Test. After 4 h of 

reaction, the reactor was cooled, depressurized, and opened. 

Samples of the supernatant were taken for analysis. The cata-

lyst was centrifuged, washed three times with γ-valerolactone 

and reused for the next run. 

Supporting Information.  

Chemicals and materials, computational details, N2 physisorption 

isotherms, NH3-TPD, TEM, additional data of the catalytic exper-

iments, and NMR, IR and HRMS characterization data of the 

products. This material is available free of charge via the Internet 

at http://pubs.acs.org. 
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