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Abstract: Piperidine and δ-Lactam chemicals have wide application, 

which are currently produced from fossil resource in industry. 

Production of this kind of chemicals from lignocellulosic biomass is of 

great importance, but is challenging and the reported routes give low 

yield. Herein, we demonstrate the strategy to synthesize 2-methyl 

piperidine (MP) and 6-methylpiperidin-2-one (MPO) from biomass-

derived triacetic acid lactone (TAL) that is produced microbially from 

glucose. In this route, TAL was firstly converted into 4-hydroxy-6-

methylpyridin-2(1H)-one (HMPO) through facile aminolysis, 

subsequently HMPO was selectively transformed into MP or MPO 

over Ru catalysts supported on beta zeolite (Ru/BEA-X, X is the molar 

ratio of Si to Al) via the tandem reaction. It was found that the yield of 

MP could reach 76.5% over Ru/BEA-60 in t-BuOH, and the yield of 

MPO could be 78.5% in dioxane. Systematic studies reveal that the 

excellent catalytic performance of Ru/BEA-60 was closely correlated 

with the cooperative effects between active metal and acidic zeolite 

with large pore geometries. The related reaction pathway was studied 

on the basis of control experiments. 

Valorization of abundant renewable biomass resources provides 

a prominent strategy for reducing the carbon-footprint of fuels and 

chemical productions, which primarily rely on dwindling fossil 

resources. Triacetic acid lactone (TAL), which can be produced 

from glucose via efficient polyketide bio-synthesis,[1] is widely 

utilized in organic synthesis,[2] medicinal chemistry[3] and polymer 

modifier.[1e,4] However, little attention has been devoted to 

producing valuable nitrogenous compounds from bio-derived TAL. 

Pyridine and its derivatives are vital compounds in chemical 

and bio-chemical industries with an annual production of 375 000 

tons in 2018. 2-Methyl piperidine (MP), as an important saturated 

derivative of pyridine,[5] can be used as liquid organic hydrogen 

carriers,[6] carbon dioxide absorbent[7], building blocks of 

piperidine alkaloids,[8] and for production of 2-methylpyridine 

through dehydrogenation. The conventional routes for pyridine 

and 2-methylpyridine production are still overwhelmingly 

dependent on fossil resources, including tedious separation 

procedure from coal tar, reaction of ammonia with aldehydes 

(formaldehyde, acetaldehyde or acrolein), and the condensation 

of ammonia or ammonia derivatives with aldehydes, ketones, or 

α, β-unsaturated carbonyl compounds.[9] Recently, sustainable 

production of pyridine chemicals from renewable biomass 

resource has attracted much attention because it provides an eco-

friendly alternative to the conventional routes to meet the 

increasing demands. Pyridine or other nitrogenous heterocyclic 

compounds can be produced through hydrothermal treatments of 

renewable raw materials (like cellulose, glycerol, polylactic acid or 

chitin monomers) with NH3,[10,11] however, the efficiency was very 

low with <30% yields of the target products. δ-Lactams, such as 

6-methylpiperidin-2-one (MPO) and 2-piperidone, are also 

important structural motifs in the pharmaceutical chemicals, 

natural products and functional polymers.[12] Although many 

procedures have been reported on the synthesis of δ-Lactams 

from fossil raw materials,[13] there is a lack of sustainable route for 

δ-Lactams production through biomass upgrading. 

TAL containing 6-ring building block is an attractive raw 

material for the production of pyridine. However, the presence of 

multiple functional groups in its structure often involves 

hydrogenation, dehydration, ring-opening and decarboxyl-

ation.[14,15] Thus, steering reaction pathway toward the desired 

product remain challenging. Tandem catalysis that enables 

multistep cascade reactions in a single reactor holds great 

promise for improving efficiency of biomass upgrading without 

laborious separation and purification the intermediates,[16] which 

have been recently reported in the pyrrole production from 

biomass feedstocks through cascade decarbonylation-amination 

reaction or hydrogenation-condensation reaction.[17] 

Herein, we developed a novel tandem catalytic route with 100% 

carbon economical route for production of MP and MPO from 

biomass-derived TAL through 4-hydroxy-6-methylpyridin-2(1H)-

one (HMPO) as platform. The multi-functional Ru/BEA catalyst 

can efficiently mediate the tandem reactions, which involves 

sequential reactions including hydrogenation, dehydration and, 

 

 

 

 

 

Scheme 1. The proposed reaction pathway for 2-methypiperidine (MP) and 6-

methylpiperidin-2-one (MPO) synthesis from the biomass-derived TAL. 
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hydrodeoxygenation of amide (Scheme 1). The metal and acid 

sites in Ru/BEA synergistically catalyzed the cascade reaction, 

and high yields of the products were obtained. To our knowledge, 

this is the first report on highly efficient routes for the synthesis of 

piperidine and δ-lactam chemicals from renewable biomass 

resource. 

Firstly, TAL was converted into HMPO through the direct 

aminolysis with ammonia, and the preparation procedure was 

shown in supporting information (Fig. S1).[18] Then, the catalytic 

transformation of HMPO to MP was performed over different 

catalysts. The Ru/BEA-X (X represented the molar ratio of Si to 

Al) catalysts were prepared by the ion-exchange method. The 

catalytic performances of Ru/BEA were initially evaluated for the 

hydrogenation HMPO to MP using t-BuOH as solvent. Ru/BEA-

20 gave 33.5% yield of MP accompanying with 9.5% yield of MPO 

(Fig. 1). As increasing the Si/Al ratios from 20 to 60 in the BEA 

support, MP yields increased. However, further increasing the 

Si/Al ratio led to decrease of MP yield [Ru/BEA-360] (Fig. 1). The 

Ru/BEA-60 catalyst achieved the best result with 59.8% yield of 

MP and 11.0% yield of MPO. The Ru nanoparticle size 

distributions over different BEA supports were investigated by 

TEM analysis (Fig S6), suggesting that the difference in the 

catalytic performance of the catalyst was not originated mainly 

from the size effect of Ru particles. To our delight, an excellent 

yield of 76.5% MP was obtained at 200 ºC (Fig. 1). Moreover, the 

Ru-based catalyst also displayed higher MP yield than other 

supported group VIII metal catalysts (Table S1). Various carbon-

supported noble metal catalysts, such as Ru/C, Pd/C and Pt/C, 

gave low yields of MP (Fig. 1 and Table S1). The activity of various 

oxides supported Ru catalysts were also investigated. It is worth 

noting that acidic oxides (Al2O3 or ZrO2) supported Ru displayed 

higher MP yields than non-acidic oxide catalysts (SiO2 or TiO2) 

under the same conditions (Fig. 1). Bare BEA zeolite was not 

active under the identical reaction conditions (Table S1). 

Compared with Ru/C catalyst, the physical mixture Ru/C and 

BEA-60 showed an almost two-fold yield of the MP (Fig. 1), 

highlighting the cooperative effect between the active metal and 

the acidic zeolite. Hence, these results imply that the cascade 

reaction of HMPO into MP requires bifunctional catalytic sites 

under these conditions, i.e., the presence of metal sites for 

hydrogenation or hydrodeoxygenation and acidic sites for 

dehydration. 

The acidity properties of BEA zeolites catalysts were 

characterized by 27Al-NMR spectra and NH3-TPD analysis. The 
27Al MAS NMR spectra were conducted to determine the 

coordination and the local structure of Al atoms in the BEA 

zeolites. The BEA zeolites showed a strong peak located at 55 

ppm (Fig. S2), which is assigned to tetrahedrally coordinated Al 

sites, and a weak peak at 0 ppm [except BEA-360], corresponding 

to octahedrally coordinated Al sites.[19] The spectra of all BEA 

zeolites reveal that most of Al species were located in the zeolite 

tetrahedral framework work positions, generating bridging OH 

acid centers.[20] In the temperature-programmed desorption of 

ammonia curves (NH3-TPD) of Ru/BEA-60, two desorption peaks 

at 307 ºC and 453 ºC can be ascribed to medium acid and strong 

acid sites, respectively (Fig. S3). Generally, increasing aluminum 

content in Ru/BEA (X=20~60) catalysts resulted in enhancing 

total acidity (Table S2), however, no clear relationship between 

the total acidity and catalytic properties was observed. It has been 

reported that tetrahedrally coordinated Al species give rise to 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The tandem catalytic transformation of 4-hydroxy-6-methylpyridin-

2(1H)-one (HMPO) over various heterogeneous catalysts. Reaction conditions: 

HMPO (1 mmol), catalyst (60 mg), t-BuOH (2.0 mL), H2 (5 MPa), 180 ºC/6 h 

[Yields were determined by GC analysis using dodecane as internal standard; 

MPO: 6-methylpiperidin-2-one; MP: 2-methylpiperidine]. ﹟phy. Mix.: Ru/C (60 

mg) + BEA-60 (60 mg); ﹡Ru/BEA-60, 200 ºC/6 h. 

 

Bronsted acidic sites, and the extra-framework Al species in BEA 

zeolites are related to Lewis acidic sites.[21] The former can 

mediate dehydration reaction in this tandem catalysis, and the 

latter would be beneficial for the reduction of amide due to 

interaction between amide and Lewis acidic sites. It has been 

reported that the catalytic hydrogenation of amide could be 

improved through activation of carbonyl moiety with Lewis acidic 

sites in Pt/Nb2O5 and Pt-MoOx/TiO2 catalysts or V3+ species in 

Pt/V/HAP catalyst.[22] Compared with Ru/BEA-60, Ru/BEA-360 

showed a relatively lower yield of MP because of less Lewis acidic 

sites as detected by 27Al-NMR spectra. Details of other 

characterization results of Ru/BEA catalysts are available in the 

Supporting Information (Fig. S4-8). Therefore, the excellent 

performance of Ru/BEA-60 was associated with the suitable 

acidity of BEA-60 zeolite. 

Furthermore, the catalytic performances of other acidic zeolites, 

such as H-Y, HZSM-5 and SAPO-34, were also investigated in 

the tandem catalysis. Both Ru/BEA and Ru/H-Y exhibited higher 

MP yields than Ru/HZSM-5 (Fig. 1). This result correlates with the 

fact that both BEA and H-Y zeolites [12-membered ring (MR) 

zeolites] possess larger specific surface areas and pore 

diameters than HZSM-5 (10 MR zeolite). It has been reported that 

12-MR zeolites (BEA, MOR) achieved higher catalytic activity 

than 10 MR zeolite (HZSM-5) in the furfural formation from C6 

sugars owing to diffusion limitations arising from the smaller pore 

sizes of HZSM-5.[23] Ru/SAPO-34 showed poor performance in 

the reaction (Fig. 1), which could be associated with diffusional 

limitation of the product or reagents in the narrow channels of 8 

MR SAPO-34 (pore size: ~0.4 nm).[24] Our results show that the 

catalytic properties were related to types of zeolites, and zeolite 

topology with large pore size may enhance mass transport.  

Decarboxylation was not detected in the present catalytic system, 

indicating preserving carbon skeleton of TAL. Ru/BEA-60 was 

chosen for further investigation, since it exhibited superior 

catalytic properties compared with others catalysts. 
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Table 1. The influences of solvents on the catalytic transformation of 4-hydroxy-

6-methylpyridin-2(1H)-one (HMPO) with Ru/BEA-60 catalyst. [a] 

Entry Solvent 
MPO Yield 

(%)[bc] 

MP Yield 

(%)[bc] 

1 Cyclohexane 32.8 30.1 

2 Dioxane 78.5 13.6 

3 THF 57.5 18.7 

4 t-BuOMe[d] 70.1 17.0 

5 DME[e] 5.2 - 

6 MeOH 8.9 - 

7 EtOH 30.8 - 

8 1-PrOH 29.0 - 

9 2-PrOH 13.4 33.7 

10 1-BuOH 29.9 - 

11 2-BuOH 2.9 21.6 

12 i-BuOH[f] 24.5 9.1 

13 t-BuOH 11.0 59.8 

14 1-Pentanol 39.8 - 

15 t-Pentyl alcohol 44.5 35.0 

16 1-Octanol 38.0 14.1 

[a] Reaction conditions: HMPO (1 mmol), Ru/BEA-60 (Ru: 3.82 wt.%, 60 mg), 

solvent (2.0 mL), H2 (5 MPa), 180 ºC/6 h; [b] Yields were determined by GC 

analysis using dodecane as internal standard; [c] MPO: 6-methylpiperidin-2-

one; MP: 2-methylpiperidine; [d] t-BuOMe: t-Butyl methyl ether; [e] DME: 

Dimethoxyethane; [f] i-BuOH: 2-Methyl-1-propanol. 

The influences of H2 pressure and temperature on the reaction 

over Ru/BEA-60 were investigated, and the results were shown 

in Fig S9 and Fig S10, respectively. The effect of solvent was also 

examined in the tandem reaction. Non-polar solvent cyclohexane 

resulted in poor catalytic selectivity and produced almost 

equivalent amount of MPO and MP (Table 1, entry 1). Except 

dimethoxyethane (DME), polar aprotic solvents, including dioxane, 

THF and t-butyl methyl ether, all gave MPO as the main product 

(Table 1 entry 2-5). Especially, the yield of MPO in dioxane could 

reach 78.5% (Table 1, entry 2). The performances of polar protic 

solvents were also studied. The tertiary alcohols gave higher MP 

yields than primary and secondary alcohols (Table 1 entry 6-16), 

and t-BuOH resulted in the best result (Table 1 entry 13). 

To get some kinetic information, the time curves of tandem 

reaction of HMPO in t-BuOH and dioxane are provided in Fig. S11 

and Fig. S12, respectively. The results indicated that MPO was 

first generated in t-BuOH, which was converted into MP as the 

principal product with prolonging the reaction time (Fig. S11). 

Beside MPO and MP, 4-hydroxy-2-methyl-6-oxopiperidine 

(HMOP) intermediate was also detected at the early stage of the 

cascade reaction, which was derived from hydrogenation of 

HMPO. These results demonstrate that metal-mediated ring 

hydrogenation and acid-catalyzed dehydration of HMPO 

dominate the conversion during the first two hours, and 

subsequent reduction of amide produces MP. In dioxane, 

however, MPO was the main product accompanying with MP as 

minor product during all the reaction process (Fig. S12). Taking 

into account both of Table 1 and Fig. S11-12, it is clear that 

solvent influences the kinetics of the reaction and the product 

distribution. 

To obtain further mechanistic insight into the tandem catalysis 

of the biobased TAL, several control experiments were conducted 

over Ru/BEA-60 (Fig. 2). It has been reported that there exists 

equilibrium between HMPO and its enol isomer 2,4-dihydroxy-6-

methylpyridine (DHMP).[25] The reactivity of DHMP was checked, 

and 34.7% yield of MP was obtained. Furthermore, the 

hydrogenation of MPO gave MP in 20.6% yield (Fig. 2). HMOP 

was detected by electrospray ionization (ESI) Fourier transform 

ion cyclotron mass spectrometry (FT-ICR MS) with a m/z of 

152.0682 [M+Na]+, which was identified in the tandem catalysis 

of both HMPO and DHMP at the initial stage of reaction. On the 

basis of the above analysis results, the overall reaction route of 

MP production from TAL is proposed through HMPO as platform 

(Scheme 2). After the facile aminolysis of TAL with ammonia, the 

reaction route proceeds through a metal-catalyzed hydrogenation 

of double bonds in the HMPO, followed by acid-catalyzed 

dehydration and metal-catalyzed hydrogenation of amide 

derivative. Subsequently, the produced amide undergoes 

deoxygenative hydrogenation to cyclic amine assisting by amide 

activation with Lewis acidic sites. Therefore, the successfully 

cascade catalytic transformation of HMPO into MP was ascribed 

to the cooperative effects between active metal, Brönsted acid 

and Lewis acid sites in the multifunctional catalytic systems. 

To explore the stability of the multifunctional catalyst, the 

reusability of Ru-BEA-60 was investigated under the optimal 

conditions. As shown in Fig. S13, a slight decrease of the yield of 

MP was detected after three cycles. The phase structure, 

chemical composition and the dispersions of supported Ru 

nanoparticles for the recycled catalyst did not change obviously 

compared to the fresh one (Fig. S14). A slight decrease in MP 

yield could be attributed to the inevitable loss of some catalyst 

during the recovery procedure. These results demonstrate that 

the Ru-based multifunctional catalyst showed good recyclability 

in the tandem reaction. 

In summary, we demonstrate efficient route to produce MP and 

MPO from biomass-derived TAL. After facile aminolysis of TAL, 

the selective production of MP or MPO from HMPO requires 

tandem catalysis. The yield of MP reaches 76.5% over the 

multifunctional Ru/BEA-60 catalyst in t-BuOH, superior to the  

 

 

 

 

 

 

 

 

Figure 2. Catalytic conversion of HMPO, DHMP and MPO into lactam and/or 

piperidine with Ru/BEA-60 catalyst. Reaction conditions: Reactant (1 mmol), 

Ru/BEA-60 catalyst (Ru: 3.82 wt.%, 60 mg), t-BuOH (2.0 mL), H2 (5 MPa), 180 

ºC/6 h. 
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other zeolites supported catalysts and commercial catalysts. In 

dioxane, MPO is the principal product with a yield of 78.5%. 

Systematic studies reveal that the excellent catalytic properties of 

Ru/BEA were closely correlated with the cooperative effects 

between active metal and acidic zeolite with large pore 

geometries. This work opens up the way for efficient production 

of piperidine and δ-lactam chemicals from renewable biomass. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2. The proposed reaction pathway for tandem catalysis of biomass-

derived TAL into 2-methypiperidine (MP) and 6-methylpiperidin-2-one (MPO) 

over Ru/BEA catalysts. 
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A novel tandem catalytic route was developed for the selective production of 2-methyl piperidine (MP) or 6-methylpiperidin-2-one (MPO) 

from biomass-derived triacetic acid lactone (TAL), which opens the way for efficient production of piperidine and δ-lactam chemicals 

from renewable biomass. 
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