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Abstract   

An efficient process for synthesizing a high added-value N-heterocycle (2-methylpiperazine, 

2-MP) via reductive amination of hydroxyacetone or acetol (product of the selective 

dehydration of glycerol) with ethylenediamine by using Pd supported catalysts under mild 

reaction conditions is here presented. Catalysts based on Pd nanoparticles supported on metallic 

oxides and mixed oxides were prepared and characterized by ICP analysis, XRD, HR-TEM, 

and NH3-TPD, among others. Catalytic activity comparisons of Pd-based materials (also 

including commercial references) were done and obtained results correlated with metal particle 

morphology (analyzed by CO-FTIR) and its ability to activate C=N bond. Best results were 

attained with Pd/TiO2-Al2O3, and Pd/ZrO2-Al2O3, the former yielding >80% of 2-MP. The 

Pd/TiO2-Al2O3 catalyst successfully enables the activation of the imine group (C=N), due to a 

larger number of unsaturated Pd sites in its nanoparticles, while keeping a proper acidity to 

effectively and selectively carry out the reductive cyclo-amination reaction even with lower 

catalyst loadings. This research work offers a new and sustainable catalytic route for the 

synthesis of organo-nitrogen compounds taking advantage of renewable raw materials (i.e. 

acetol) as a carbon source and using efficient Pd supported catalysts. 
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1. Introduction. 

During the last decades, the increasing use of fossil resources to produce fuels and chemical 

has contributed to the constant increase in the prices of this shrinking resources, as well as to 

the augmentation of greenhouse gases (GHG) emissions and their levels in the atmosphere. 

Thus, the conversion of renewable raw materials in fuels and, more specifically, in chemicals, 

is becoming more and more attractive. In this sense, biomass outstands as the only renewable 

source of organic carbon to produce chemicals.[1,2] In particular, the possibilities offered by 

the oxygenated functionalities of biomass-derived molecules for their transformation into 

organonitrogen chemicals has recently been acknowledged.[3] Nonetheless, a path seldom 

explored so far is the transformation of glycerol derivatives into nitrogenated compounds. In 

this sense, the final objective is to develop an efficient catalytic route to obtain N-heterocycles 

of piperazine type out of a glycerol selective dehydration product, hydroxyacetone (or acetol), 

whose continuous production has lately been the object of study of several groups. [4-7] This 

catalytic route must include the use of heterogeneous catalysts and comply with the Green 

Chemistry principles.[8]  

The piperazine ring is an anthelmintic[9], and can also be found as a building block for a large 

number of high added value drugs, from antihistamines to antidepressants, being synthesis 

intermediate chemicals highly valued in organic chemistry.[10] On the other hand, CO2 capture 

systems based on amine scrubbing using piperazine derivatives recently caught the attention 

due to the high energetical and adsorption performances of such technology. Indeed, these 

systems proved to have very good regeneration ability by thermal swing regeneration, without 

significant degradation of the scrubbing solvent, good resistance to oxidative degradation, 

lower volatility, compared to other typical amine-based solvents, and a corrosive-friendly 

behavior to stainless steel.[11,12] 

Nowadays, the  most employed commercial route to produce piperazine derivatives consists in 

the ammonization of either 1,2-dichloroethane or ethanolamine over a Ni-Raney catalyst at 195 

ºC and very high H2 pressures (>130 bar), being the piperazine obtained as a by-product that 

needs to be separated from the main stream of ethylenediamine, triethylenediamine and other 

related cyclic and linear nitrogenated compounds.[13] It is noteworthy that 1,2-dichloroethane 

and ethanolamine are mainly obtained from fossil resources and, in particular, from 

ethylene.[14,15] As far as the  synthesis of 2-methylpiperazine (2-MP) is concerned, old 

synthetic approaches to this chemical also involved the use of Ni-Raney catalysts in batch 
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reactors by using N-β-hydroxypropyl-ethylenediamine and hydrogen (at 13 bar and 200 ºC), 

with moderated yields (≈50 %) and no available data about catalyst recyclability.[16] More 

recently, other syntheses using heterogeneous catalysts have been described in the literature, 

standing out a continuous process for the intra-cyclization of N-β-hydroxypropyl-

ethylenediamine at 205 ºC and H2 pressure of 260 over Cu–Cr–Fe/γ-Al2O3 ºcatalysts,[17] the 

same intra-cyclization but over zeolite H-ZSM-5 at 260 ⁰C,[18] and the intermolecular 

cyclization of diethanolamine and methylamine to N,N′-dimethylpiperazines and N-

methylpiperazines at 300 ºC and high H2 pressures (80-100 bar) with H-ZSM-5 as 

catalyst.[19,20] It is also remarkable the obtention of the piperazine ring by condensation-

cyclization reactions of diethanolamine with NH3 in the presence of hydrogen and a catalyst 

containing Al, Co, Ni, Cu and Sn-oxides working at 200 ºC and H2 pressure of 200 bar.[21] 

Nonetheless, and mainly due to the use of harsh reaction conditions, commercial application of 

these processes is difficult and there is still plenty of room for improvement. Thus, in the current 

study, the reductive cyclo-amination of acetol in presence of a diamine and a heterogeneous 

catalyst is proposed as a promising alternative to produce the desired 2-methylpiperazine. 

The reductive amination of aldehydes and ketones is an organic reaction, widely used in the 

synthesis of substituted amines and aromatic and aliphatic N-heterocycles. The proposed 

mechanism for the reductive amination of carbonyl compounds is detailed in Scheme 1:  

 

Scheme 1. Reductive amination mechanism for carbonyl-type compounds – Adapted from 

Refs. [22,23] 

 

If the reactants are aldehydes or ketones, the reaction would include: 1) addition and generation 

of the intermediate hemiaminal, 2) intermediate imine or enamine dehydration and formation 

and 3) imine or enamine reduction to obtain the final substituted amine. The enamine or imine 

reduction is usually the determining step for the reaction rate, since it would compete against 
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the carbonyl group hydrogenation.[24] In the case of alcohols, the first step would consist in an 

oxidative dehydrogenation of the alcohol to yield the corresponding carbonyl compound, being 

this stage the limiting one. This fact explains the low reactivity as well as the high temperatures 

needed to obtain the substituted amines when using alcohols as the starting oxygenated reactant. 

[24,25] In our case, the use of hydroxyacetone (or acetol) is proposed. This reactant allows for 

keeping a compromise between the high reactivity of the di-carbonyl compound (i.e. 

pyruvaldehyde) and the low reactivity of the glycol (i.e. 1,2-propylen glycol). 

The reductive amination of aldehydes and ketones using different reductive agents consisting 

of boron (i.e. sodium borohydride, sodium triacetoxyborohydride, sodium cyanoborohydride) 

has been widely studied,[26-28] although the use of these classic reductive agents, as well as 

that of the acetic acid and other additives constitute important drawbacks that need to be 

overcome. Besides that, in the last decades, different processes using Fe, Ir or Pd complexes as 

catalysts and molecular hydrogen as reducing agent have been described, being these ones 

especially important in the synthesis of chiral amines.[29-31] However, the use of expensive 

and low efficient catalysts is often found together with the use of quite drastic pressure and 

temperature conditions, in addition to the disadvantages commonly associated to homogeneous 

catalysis application. These are the main reasons why the development of novel heterogenous 

catalysts, capable of carrying out this reaction under moderate conditions with aldehydes, 

ketones and even β-hydroxyketones is a very attractive path. Some authors already explored 

this line, being mixed metal oxides and modified zeolites with metallic functions (metal: Cu, 

Zn, Ni and Co)[32-34] the most broadly used catalysts. In this sense, our group has already 

reported some auspicious results using catalysts based on noble metals (Au, Pt, Pd) supported 

on simple oxides and nanostructured materials such as Beta zeolites and MCM-41, proving that 

the alternative use of such catalytic systems allows working under mild and more sustainable 

reaction conditions. More precisely, systems using Pd or Pt as metal and Al2O3 or MgO as 

supports are the ones that have produced the best results up to date.[22,23,35] Since then, 

several examples based on the use of noble metals supported on metal oxides as heterogenous 

catalysts for reductive aminations have been reported in the literature. For instance, systems 

such as Pt/TiO2,[36,37] and Pt-MoOx,[38] are very effective as catalysts in reductive amination 

reactions with ethyl levulinate and levulinic acid, respectively. More recently, Pd supported on 

magnetite demonstrated to be efficient for the one-pot reductive amination of aldehydes with 

nitroarenes.[39] These catalysts satisfy the reaction requirements regarding active redox type 

centers offering, additionally, acid-base centers of moderate strength.  
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In light of all the above-mentioned, this work wants to set value on the development of a new 

catalytic route to produce 2-methylpiperazine. In this sense, the use of bio-derived acetol offers 

a novel alternative for the synthesis of 2-methylpiperazine under moderate conditions through 

reductive cyclo-amination with ethylenediamine as Nitrogen source. Metallic Pd nanoparticles 

supported on different simple and mixed metal oxides with high surface area and controlled 

acid properties will be studied and applied as catalyst. Catalytic activity comparisons by using 

other metal supported catalysts (also including Pt-based and commercial reference materials) 

will be done. Deep characterization of Pd-based materials will allow establishing correlations 

between catalytic performance and physico-chemical properties (Pd nanoparticles size and 

morphology, H2 activation and acid capacities, etc.), thus providing new insights into the 

reductive amination process taking places over these Pd-based catalytic systems. Finally, we 

take advantage of the outstanding ability of Pd/TiO2-Al2O3 to hydrogenate the C=N 

functionality to extend the scope of this work via the reductive amination of glyoxal. 

 

2. Experimental  

2.1 Materials and reagents 

Main reagents, i.e. ethylenediamine (99%) and hydroxyacetone (90%) have been supplied by 

Sigma-Aldrich, while hydrogen (99.999%) was purchased from Abelló Linde S.A (Spain). 

Methanol (Scharlau, analytical grade, 99.5%) and high purity water (milliQ water, Millipore) 

have been used as reaction solvents. Additionally, a glyoxal solution (40wt.%, aq.) was selected 

to extend the scope of some catalysts. As an internal standard for carbon balance purposes, a 1 

wt% solution of chlorobenzene (Sigma-Aldrich, 99.90%) in methanol was used to dilute the 

samples. Finally, 2-methylpiperazine (99.5%, Sigma-Aldrich) allowed the determination of the 

response factors of the different reagents GC-FID analysis. Commercial 1wt% Pd/Al2O3 and 

1wt% Pt/Al2O3 catalysts were purchased from Sigma-Aldrich and used in the preliminary tests. 

γ-Al2O3 (Sigma-Aldrich, 99.0%), TiO2 nanoactive (NanoScale Corporation, 99%), MgO 

nanoactive plus (NanoScale Corporation, 99%) and ZrO2 oxides (tetragonal and monoclinic 

phases, both from Chempure, 99%) were used as supports for catalyst preparation. Mixed oxide 

synthesis was achieved using Al(NO3)3‧9H2O (Sigma-Aldrich, 99.5%), TiOCl2‧HCl (Sigma 

Aldrich solution, ~15wt% Ti basis) and ZrOCl2‧8H2O (Sigma-Aldrich, 99.5%) as precursors. 

Ammonia solution (Sigma-Aldrich, 25vol%) was selected as precipitant agent, while 

Pd(NH3)4Cl2·H2O (Sigma-Aldrich, 99.00%) was chosen as metallic precursor. 
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2.2 Catalyst preparation 

Commercial Al2O3, MgO, TiO2 and ZrO2 supports were calcined before use at 250 ºC (under 

air, 2h, 2 ⁰C/min), whereas mixed metal oxides were prepared by co-precipitation in ammonia 

medium (TiO2-Al2O3, TiO2-ZrO2 and ZrO2-Al2O3). Appropriate amounts of the metallic 

precursors (30 mmol of each precursor to attain a molar ratio M1:M2 = 1) were dissolved in 300 

ml of water, being stirred for 10 minutes. Afterwards, an ammonia aqueous solution (25vol%.) 

was added dropwise (1000 ml/h) until the pH was approximately 9, and the solution was stirred 

for another 15 minutes. After that, the precipitate was aged during 12 h at 60 ⁰C, and then 

filtered and washed with water. The solid obtained was dried at 100 ⁰C during 24 h and calcined 

at 500 ⁰C during 3 h (under air, 2 ⁰C/min) to obtain the corresponding metallic mixed oxide. It 

is relevant to notice that ZrO2 support corresponds to a physical blend of 60/40 in weight of 

monoclinic/tetragonal commercial zirconia. The incorporation of palladium onto every support 

was carried out by incipient wetness impregnation method using an aqueous solution of 

Pd(NH3)4Cl2·6H2O in adequate concentrations to get a metal loading of ≈1wt% in the final 

solid. Impregnated solids were dried in a stove at 100 ⁰C during 24 h, and, afterwards, all the 

catalytic systems were calcined (450 ⁰C for Al2O3 and MgO; and 400 ⁰C for TiO2, ZrO2 and 

mixed oxides) (under air, 3 ⁰C/min). All the catalysts were thermally treated at 400 ºC (3 

⁰C/min) under a H2 flow of 100 ml/min during 2 h prior to their use in catalytic experiments.  

 

2.3 Catalyst characterization 

Crystalline phase identification was carried out by X-ray diffraction using a PANalitical Cubix 

Pro diffractometer (CuKα radiation), at a scan rate of 2 min−1, operating at 40 kV and 35 mA, 

provided with a variable divergence slit and working in fixed irradiated area mode. Palladium 

content of fresh and used catalysts and metal ratios of mixed oxide-based catalysts were 

determined using a Varian 715-ES ICP (Inductively Coupled Plasma - Optical Emission 

Spectrometer) equipment after solid dissolution in HNO3/HCl/HF aqueous solution (1:1:1 vol.), 

except for MgO (same but without HF). The instrument was previously calibrated for Pd, Al, 

Ti, Zr and Mg measurements. Possible organic matter deposition during reactions was checked 

by means of elemental analyses (EA) of spent catalysts carried out in a Fisons EA1108CHN-S 

apparatus, using sulfanilamide as the reference. Liquid nitrogen adsorption experiments were 

measured by using N2 adsorption isotherms at -196 ⁰C, in a Micromeritics flowsorb apparatus.  
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Specific surface areas were calculated by applying the Brunauer–Emmet–Teller (BET) model 

over the range P/P0 = 0.05–0.25 of the isotherm. 

High Resolution Electronic Transmission Microscopy (HR-TEM) study of fresh and used 

catalysts was performed in a Jeol JEM-2100F equipment, working at 200 kV. HR micrograph 

analysis, lattice spacing, First Fourier Transform (FFT) and phase interpretation, were done 

using the Gatan Digital Micrograph software (Gatan Inc.) and the Java version of the Electron 

Microscope Software (JEM). Mixed metal oxide homogeneity has been checked by X-ray 

energy-dispersive spectroscopy to obtain the elemental mapping using a JEOL 6300 Scanning 

Electron Microscope (SEM) equipped with an Oxford LINK ISIS detector. Mapping images 

were obtained with a focused beam of electrons (20 kV) and a counting time of 50-100s. 

Ammonia Thermo-Programmed Desorption (NH3-TPD) profiles were obtained after a previous 

conditioning step of the calcined catalysts under a flow of He (35 ml/min) from room 

temperature to 500 ⁰C (10 min); after cooling up to 100 ⁰C, adsorption of ammonia flow (10 

min) was performed at constant temperature, followed by a last cleaning step using a He flow 

(35 ml/min), allowing for elimination of the physiosorbed ammonia. Finally, Thermo-

Programmed Desorption is carried out by heating the samples from 100 to 500 ⁰C at a heating 

rate of 10 ⁰C/min. The evolved ammonia was analyzed using an on-line gas chromatograph 

(Shimadzu GC-14A) provided with a TCD and previously calibrated by measuring the 

corresponding signals of the thermal decomposition of known amounts of hexaamine-nickel(II) 

chloride [Ni(NH3)6]Cl2. 

Pd metal dispersion of the sample was estimated from CO adsorption using the double isotherm 

method on a Quantachrome Autosorb-1C equipment. Prior to adsorption, 300 mg of the sample 

(0.45-0.8 mm) were reduced in flowing hydrogen by using the same reduction temperature 

applied before for catalysts (i.e. 400 ºC during 2 h and 3 ºC/min). After reduction, samples were 

degassed at 1333 x 10-3 Pa during 2 h at 400 ºC, and then, temperature lowered at 35 ºC. Next, 

pure CO was admitted and the first adsorption isotherm (i.e. the total CO uptake) was measured. 

After evacuation at 35 ºC, the second isotherm (i.e. the reversible CO uptake) was taken. The 

amount of chemisorbed CO was calculated by subtracting the two isotherms. The pressure range 

studied was 0.5-11 x 104 Pa. Pd dispersion was calculated from the amount of irreversibly 

adsorbed CO, assuming a stoichiometry Pd/CO = 1. 

IR spectra of adsorbed CO were recorded at 25 ⁰C with a Nexus 8700 FTIR spectrometer using 

a DTGS detector and acquiring at 4 cm−1 resolution. An IR cell allowing for in situ treatments 
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in controlled atmospheres and temperatures from 25 to 500 ⁰C has been connected to a vacuum 

system with a gas dosing facility. For IR studies the samples were pressed into self-supported 

wafers and in situ reduced at 250 ⁰C in a H2 flow (10 ml min-1) for 1.5 h followed by evacuation 

at 10-4 mbar at 300 ⁰C for 1h. After activation, the samples were cooled down to 25 ⁰C under 

dynamic vacuum conditions followed by CO dosing at increasing pressure (0.4-8.5 mbar).  IR 

spectra were recorded after each dosage. 

Hydrogen/deuterium (H2/D2) exchange experiments were carried out in a flow reactor in order 

to study the capability for H2 activation of the catalysts. The feed gas consisted in a mixture of 

H2 (4 ml/min), D2 (4 ml/min), and Ar (17 ml/min), and the total weight of catalyst was 0.4 mg. 

The reactor outlet was coupled with a mass spectrometer (Balzer, Tecnovac), working in the 

multi ion detection mode (MID) and recording the mass signal (m/Z) of 2 (H2), 3(HD) and 

4(D2). The samples were “in situ” reduced in a H2 flow, following the same procedure for 

catalyst activation prior to their use in catalytic tests. After sample activation, the temperature 

was decreased to 25 ºC in a flow of Ar (25 ml/min), and once the mass signal was stable, the 

Ar flow was switched to the H2/D2/Ar reaction mixture. After 30 min stabilization at 25 ºC, the 

temperature was sequentially increased to 60 ºC, 90 ºC and 120 ºC, maintaining at each 

temperature for at least 30 min.  

 

2.4 Catalytic tests 

Reductive cycle-amination reactions were carried out in a “batch” type micro-reactor of 6 ml 

with a probe for sampling and a pressure gauge for pressure measurements. Reproducibility of 

the system was carefully evaluated with the commercial catalyst (Figure S11, ESI). The amount 

of sample collected was always between 0.040 and 0.050 g and kinetic experiments were done 

by avoiding removing more than 15% of the total weight of the reaction mixture. A test to 

discard any effect of the sampling on the catalytic activity can be found at the ESI (Table S1). 

The reactor was purged twice with 10 bars of N2 before feeding it with H2. The H2 pressure in 

the system was maintained practically constant during all the experiment by recharging H2 

every 30 minutes. Typically, reactions were carried out in presence of 13 bar of H2, at 90 ºC 

during 7 h and at stirring rate of 800 rpm. In preliminary experiments, 0.318 g of acetol (3.8 

mmol), 0.227 g of ethylenediamine (3.8 mmol) and 0.056 g of catalyst were added at the same 

time, in presence of 1.250 g of solvent (methanol). Afterwards, an improved protocol where 

acetol is not initially introduced in the batch reactor and involving slow and continuous addition 
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of it at an addition rate of 100 µl/h was applied. In all cases, total conversion (X), selectivities 

(Si) and yields (Yi) of the different products “i”, have been estimated through GC analysis of 

the different aliquots collected at different reaction times (“t”), see equations 1, 2, 3, and 4), 

taking ethylenediamine as the reference reactant. A few experiments were also done by using 

water instead of MeOH as the reaction solvent. 

𝑋𝑡(𝑚𝑜𝑙. %) =
𝑛𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒𝑑𝑖𝑎𝑚𝑖𝑛𝑒

0 −𝑛𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒𝑑𝑖𝑎𝑚𝑖𝑛𝑒
𝑡

𝑛𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒𝑑𝑖𝑎𝑚𝑖𝑛𝑒
0 ⋅ 100      (eq. 1) 

𝑆𝑖
𝑡(𝑚𝑜𝑙. %) =

𝑛 𝑖
𝑡

𝑛𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
𝑡 ⋅ 100     (eq. 2) 

𝑌𝑖
𝑡(𝑚𝑜𝑙. %) =

𝑛 𝑖
𝑡

𝑛𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒𝑑𝑖𝑎𝑚𝑖𝑛𝑒
0 ⋅ 100     or    𝑌𝑖

𝑡(𝑚𝑜𝑙. %) =
𝑋𝑡 .  𝑆𝑖

𝑡

100
 𝑖𝑓 𝐶𝐵 > 95%    (eq. 3 and 4) 

 

TON (Turnover number) was also calculated and defined as the mol of 2-methylpiperazine 

produced per mol of metal present in the initial solid catalyst at a given reaction time (see 

equation 5). Final carbon balances were calculated for each reaction, considering the total 

amount of products detected by GC analysis along with the remnant ethylenediamine (see 

equation 6). 

𝑇𝑂𝑁 =
𝑛2−𝑚𝑒𝑡ℎ𝑦𝑙𝑝𝑖𝑝𝑒𝑟𝑎𝑧𝑖𝑛𝑒

𝑓

𝑛𝑀𝐸𝑇𝐴𝐿
0     (eq. 5) 

𝐶𝐵(𝑚𝑜𝑙. %) =
[(𝑛𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒𝑑𝑖𝑎𝑚𝑖𝑛𝑒

0 −𝑛𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒𝑑𝑖𝑎𝑚𝑖𝑛𝑒
𝑓

) ∙  3 𝐶 𝑎𝑡𝑜𝑚𝑠]+∑(𝑛𝑝𝑟𝑜𝑑𝑢𝑐𝑡
𝑓

 ∙ 𝑋 𝐶 𝑎𝑡𝑜𝑚𝑠) 

𝑛𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒𝑑𝑖𝑎𝑚𝑖𝑛𝑒 
0 ∙ 3 𝐶 𝑎𝑡𝑜𝑚𝑠

⋅ 100 (eq. 6) 

Being X de total number of C atoms in the molecules corresponding to the different by-products 

coming from ethylenediamine. 

It is essential to point out that the reaction between ethylenediamine and acetol to give rise to 

the corresponding cyclic and linear imines is thermal and does not require either hydrogen or a 

catalyst. Consequently, most of the catalytic comparisons herein presented work with the yield 

to 2-MP as the comparative parameter, if operating with values not exceeding 80% by much, 

being this a measure of the “effective activity” of the catalyst. 

GC analyses of the reaction mixtures were carried out using a 3900-Varian GC equipped with 

a FID detector and a capillary column (HP-5, 30 m length). Product identification was done by 

GC–MS (Agilent 6890N GC System coupled with an Agilent 5973N mass detector). 
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2.5 Reusability tests 

In addition, some experiments were done using water instead of MeOH as reaction solvent and 

some recyclability tests were done for selected catalysts. Four complementary and successive 

catalytic tests were performed; the first three ones correspond to the direct separation and 

recovery of the solid catalyst after reaction through filtration, followed by a thorough washing 

using MeOH (3 mL, 10 min) and final catalyst recovery by centrifugation. Thereafter, an 

additional (fourth) catalytic cycle was done, involving the same steps previously described 

together with a catalyst regeneration step under the same conditions employed for sample 

activation prior to reaction usage (i.e. 400 ºC, under H2 flow during 2 h, 3 ⁰C/min). It is 

Worthing to note that, in order to avoid any catalyst losses during the consecutive recycles, and 

the subsequent scaling down of the other reactants involved in the reaction, a pyramidal scheme 

was followed with four repetitions for the first use, three for the second one, etc., thereby 

guaranteeing to have 56 mg of catalyst per reaction in all cases. 

 

 

3. Results and discussion  

3.1 Physico-chemical characterization of catalysts. 

The textural and physico-chemical analyses of catalysts based on Pd supported on simple metal 

oxides proved that they present quite similar surface areas (≈150 m2/g) and average metallic 

particle sizes between 4- and 8 nm (measured by TEM), with the only exception of Pd/MgO 

sample (surface area >200 m2/g and average particle size = 14 nm) (Table 1). It can also be 

observed that the method applied for metallic mixed oxide synthesis allows for obtaining 

materials with improved properties, i.e. surface areas ≥250 m2/g, and average particle sizes 

around 2-3 nm, as opposed to any of the simple oxides.  
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Table 1. Main textural and physico-chemical properties of Pd-supported materials. 

Material Pd (wt%)a 
Surface area (m2/g)b Particle size  (nm) 

Catalyst Support TEMc COd 

Pd/TiO2 1.2 120 148 4 8 

Pd/Al2O3 1.0 135 138 8 4 

Pd/ZrO2 1.1 158 180 5 4 

Pd/MgO 1.0 194 226 10 n/d 

Pd/TiO2-Al2O3 1.0 318 351 1 3 

Pd/TiO2-ZrO2 1.1 257 292 4 4 

Pd/ZrO2-Al2O3 0.9 215 247 4 2 

a Pd content and chemical composition measured by ICP. b Values calculated from N2 adsorption 

isotherms (BET method). c Average diameter of Pd nanoparticles calculated from TEM measurements 

of, at least, 100 particles. d Average diameter of Pd nanoparticles evaluated by CO chemisorption, with 

the stoichiometry being Pd:CO = 1:1. 

 

 

Figure 1. X-ray diffraction patterns of Pd supported materials (after reduction): a) Pd/Al2O3, 

Pd/TiO2, Pd/ZrO2 and Pd/MgO; b) Pd/TiO2-Al2O3, Pd/TiO2-ZrO2 and Pd/ZrO2-Al2O3. 

 

The X-ray diffraction patterns for the various Pd supported on simple oxide materials are shown 

in Figure 1a. The characteristic peaks for γ-alumina are observed in the reduced Pd/Al2O3 
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material, whose broadness indicates a low level of crystallinity. Additionally, this catalyst 

hardly presented a very weak peak, characteristic of the Pd0 species, probably due to the 

presence of small nanoparticles, relatively well dispersed on the support. The X-ray 

diffractogram of reduced Pd/MgO sample presented the characteristic diffraction peaks of the 

periclase phase of MgO, while the diffraction peaks assigned to Pd0 species cannot be clearly 

noticed in the Pd/MgO reduced sample. Pd/TiO2 predominantly showed the anatase phase and 

a small percentage of brookite. With respect to Pd/ZrO2, the reduced material presents certain 

peaks that can be associated to the tetragonal phase and some others that appear because of the 

characteristic reflections of the monoclinic phase, being almost impossible to distinguish those 

peaks corresponding to the presence of Pd0 species.  

As for the diffractograms obtained for Pd supported on metallic mixed oxide materials after 

reduction (Figure 1b), although some peaks showing very low crystallinity and corresponding 

to single oxide phases have been noticed, the predominant structure in every case is that of an 

amorphous mixed oxide. This has also been confirmed through EDAX compositional analyzes 

(see ESI, Figures S1-3), where a very good dispersion is attained for both metals involved in 

each one of the structures. 

Pd supported materials were also analyzed by means of high-resolution transmission electron 

microscopy (HR-TEM). The images for each one of the catalysts here studied are shown in 

Figure 2 and 3 for single and mixed oxide-based samples, respectively. The presence of metallic 

Pd nanoparticles can be appreciated in all of them. Regarding particle size distribution for single 

oxide-based materials (see ESI, Figure S5), Pd/MgO and Pd/Al2O3 show the higher average 

particles sizes, whereas Pt/ZrO2-mix sample presents particles sizes values around 4.0-6.0 nm. 

These Pd particles sizes are slightly above than those observed for Pd/TiO2-ZrO2 and Pd/ZrO2-

Al2O3 (2.0-4.0 nm), whereas Pd/TiO2-Al2O3 and Pd/TiO2 samples are the only ones showing a 

maximum in particle size distribution between 1.0 and 3.0 nm, and also exhibiting particles 

with sizes below 1.0 nm (see ESI, Figures S5-6). HR-TEM measurements of the catalysts after 

reuses and further regeneration were also performed. In general, particle size distributions 

observed for regenerated samples moved towards higher values, and the particles with sizes 

below the nanometre practically disappear (see ESI, Figures S5-6). 
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Figure 2. HR-TEM of a) Pd/TiO2, b) Pd/Al2O3, c) Pd/ZrO2 and d) Pd/MgO (after reduction). 

 

           

Figure 3. HR-TEM(1) and HR-STEM(2) images of a) Pd/TiO2-Al2O3, b) Pd/TiO2-ZrO2 and c) 

Pd/ZrO2-Al2O3 (after reduction). 
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In addition, and with the objective of establishing structure-activity relationships for the 

catalysts herein presented, a study of their acidic properties was carried out through temperature 

programmed desorption of ammonia (TPD-NH3). Table 2 shows the total amount of ammonia 

adsorbed for each catalyst, except for Pd/MgO considered as non-acidic material and with 

negligible ammonia adsorption. Thus, important differences were established between the 

different materials, whose total acidity can be ordered as follows: Pd/ZrO2 > Pd/TiO2-Al2O3 > 

Pd/TiO2 > Pd/ZrO2-Al2O3 > Pd/TiO2-ZrO2 > Pd/Al2O3. This finding might influence the 

catalytic properties of the different materials in the reductive amination reaction, which will be 

discussed in the next sections. 

 

Table 2. Ammonia adsorption on the different catalysts.*  

Catalyst  Pd/Al2O3 Pd/TiO2-ZrO2 Pd/TiO2 Pd/ZrO2-Al2O3 Pd/TiO2-Al2O3 Pd/ZrO2 

μmol 

NH3/g 
 197 213 241 280 399 460 

* NH3-TPD desorption profiles can be found in ESI (Figure S7). 

 

3.2 Preliminary catalytic tests. 

Initially, the reductive cyclo-amination of acetol with ethylenediamine was carried out 

(commercial catalyst) by arranging, from the beginning of the reaction, both reactants together 

with 1wt%Pd/Al2O3 (commercial catalyst) in the reactor under mild reaction conditions (at 90 

ºC and PH2 = 13 bar). In this case, methanol (MeOH) was used as solvent in order to avoid 

some negative effect of water during the dehydration intermediate step occurring during the 

process (see Scheme 1). The catalyst loading was varied from 0 to 35wt% with respect to the 

amine to maximize the yield to 2-methylpiperazine (2-MP). Under these conditions, maximum 

yields for 2-MP were achieved when using catalyst loadings from 25wt% onwards (Figure 4). 

A “plateau” effect occurs beyond this value, probably because of substrate limitations. The 

reaction product along with the different reaction intermediates and the by-products formed 

were identified by GC-MS (Figure S8-10, ESI).  
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Figure 4. Catalyst loading optimization in the reductive cyclo-amination of acetol with 

ethylenediamine with 1wt%Pd/Al2O3 (commercial catalyst).  Reaction conditions: 0.325 g acetol, 

0.227 g ethylenediamine, 1.250 g MeOH, at 13 bar of H2 and 90 ⁰C, during 7 h. 

 

Aiming at increasing the yield to 2-MP, it was considered that slow acetol addition could be a 

key point to avoid secondary non-desired reactions as well as by-product formation. Results in 

Figure 5a clearly point out that slow addition of acetol leads to better ethylenediamine 

conversion values (>95%) when using Pd/Al2O3 commercial catalyst. The improvement in 

conversion could be explained considering that, with a large number of acetol molecules in the 

reaction mixture (situation with both reactants in the initial mixture), an ethylenediamine 

molecule would preferably react with two acetol molecules, by reaction between the carbonyl 

group of acetol and the terminal amines of the ethylenediamine, instead of reacting with the 

hydroxyl group of acetol, once the first nucleophilic addition has been completed (see Scheme 

2). Therefore, considering that reactants were added in equimolar quantities (1:1), the 

formation of linear Nitrogen-containing by-products due to inter-molecular reactions between 

two acetol molecules and one ethylenediamine molecule are favored, thus leading to lower 

conversions and, therefore, lower yields of the desired 2-MP. On the contrary, slow addition 

of the acetol into the reaction mixture, strongly favors the intramolecular reaction, as illustrated 

in Scheme 2. Comparison of the selectivity values obtained for different reaction products at 

the same conversion level (isoconversion points, see ESI, Figure S12) for both standard and 
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slow acetol addition experiments, also demonstrates that a higher amount of Nitrogen-

containing by-products (N-byproducts) can be observed in the case of the reaction started with 

equimolar amounts of acetol and ethylenediamine (Figure 5b). Quite the opposite, the 

selectivity is shifted towards the mixture comprising both, the 2-MP and its precursors (imine 

molecules) when acetol is slowly added into the reaction media.  

 

Figure 5. Effect of the slow addition of acetol to the reaction media in the reductive cyclo-

amination of acetol with ethylenediamine over 1wt%Pd/Al2O3 (commercial catalyst). (a) 

Conversion and selectivity at 7 h. (b) Selectivity towards the different products compared at 

the same conversion level (time = 3h). Reaction conditions: 0.325 g acetol, 0.227 g ethylenediamine, 

1.250 g MeOH, 0.056 g of catalyst, at 13 bar of H2, and 90 ⁰C. 

 

 

Scheme 2. Possible reaction pathways for the reductive cyclo-amination of acetol with 

ethylenediamine. 
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3.3 Catalytic activity of Pd supported on simple metal oxides. 

Once the most appropriate reaction system for the reductive cyclo-amination of acetol with 

ethylenediamine by means of slow addition of acetol was determined, different Pd supported 

on simple metallic oxides prepared in this study were studied as catalysts, in order to maximize 

the yield towards the 2-MP desired product. The main results obtained are summarized in Table 

3. 

 

Table 3. Catalytic activity of Pd supported on simple metal oxide materials in the reductive 

cyclo-amination of acetol with ethylenediamine. 

Catalyst 

Ethylenediamine 

conversion 

(mol. %) 

Selectivity to 2-MP  

(mol. %) 

Yield to 2-MP  

(mol. %)* 

1 h 7 h 1 h 7h        1 h 7 h 

1.0wt%Pd/Al2O3 

(commercial) 
30 100 77 85 27 79 

1.0wt%Pd/Al2O3 34 96 88 86 29 83 

1.2wt%Pd/TiO2 38 100 88 83 34 83 

1.1wt%Pd/ZrO2-mxt 38 99 80 82 30 79 

1.0wt%Pd/MgO 41 94 81 81 33 76 

Reaction conditions: 0.325 g acetol, 0.227 g ethylenediamine, 1.250 g MeOH, 0.056 g of catalyst, at 13 

bar of H2, and 90 ⁰C, during 7 h and with slow addition of acetol (100 μl/h). *Carbon balances for all 

reactions were higher than 95%. 

 

Results prove that, independently of the support (Al2O3, ZrO2, TiO2 and MgO), Pd metallic 

species can carry out the reductive amination of acetol successfully. Nonetheless, the 

differences between them are hardly noticed, even at short reaction times, and more 

experiments should be done to further differentiate between these catalysts. 

In order to make a difference between different catalysts, such as Pd/Al2O3, Pd/MgO, Pd/TiO2 

and Pd/ZrO2, their stability after successive re-uses in the reaction was assessed. Bearing that 

objective in mind, the solids after reaction were recovered, washed with MeOH and used again 

in a new experiment. After several re-uses, they were regenerated and used as catalysts for an 

ultimate time. The procedure for re-uses and regeneration is more deeply described in Section 
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2.3. The results obtained (Figure 6) show the excellent stability of Pd/TiO2 and Pd/ZrO2 

catalysts after three consecutive uses, while a decrease of around 10% was observed when 

using Pd/Al2O3 for the third time in a row. The Pd/MgO material, the only one with a basic 

character shows a higher deactivation by organic matter deposition during the reaction (Table 

4), revealing the higher degree of polymerization reactions on the surface of this catalyst. This 

fact is in good agreement with what has been observed regarding side polymerization reactions 

in acetone and vinyl-ketones reaction systems.[40,41]  

Regeneration enables almost complete elimination of the organic matter deposited on the solid 

and recovers the catalytic activity in the case of Pd/Al2O3. On the contrary, Pd/MgO seems not 

to be able to respond as well to the regeneration treatment, being yields to 2-MP notoriously 

lower than those corresponding to the first use. A more detailed structural analysis seeking to 

understand the effect of a second reduction on the properties of this material reveals that, even 

although the metal particle size does not increase after the regeneration of the used catalyst and 

palladium loading also remains constant (Table 4), a decrease in the crystallinity of MgO 

structure is observed (see ESI, Figure S13). This loss of crystallinity has been previously 

reported. Magnesia structure tends to collapse even in contact with air, and this may be 

affecting the catalytic properties.[42] 
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Figure 6. Catalyst re-usability and regeneration for Pd supported on simple oxide materials. 

Reaction conditions: 0.325 g acetol, 0.227 g ethylenediamine, 1.250 g MeOH, 0.056 g of catalyst, at 13 

bar of H2, and 90 ⁰C, during 7 h and with slow addition of acetol (100 μl/h). 

 

Table 4. Effect of reusability and regeneration on organic matter deposition, metal loading and 

metallic dispersion of Pd supported on simple metal oxides. 

Catalyst 

Pd 

(wt.%)a  

[fresh] 

Pd 

(wt%)a  

[after 1st 

use] 

C/N 

(wt%)b 

[after 1st
  

use] 

C/N (wt%)b  

[after 

regeneration] 

Pd particle 

size (nm)c 

[fresh] 

Pd particle size 

(nm)c [after 

regeneration] 

Pd/Al2O3 1.0 1.0 0.9/0.3 0.3/0.0 8  7 

Pd/TiO2 1.2 1.1 1.3/0.8 0.2/0.0 4  3 

Pd/ZrO2-mxt 1.1 1.0 1.3/0.3 0.3/0.0 5  4 

Pd/MgO 1.0 1.0 5.8/0.7 0.8/0.3 14  13 

a Pd content and chemical composition measured by ICP. b Results from elemental analyses (EA).                
c Average diameter of Pd nanoparticles calculated from TEM measurements of, at least, 100 particles.  
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Summarizing, good yields to 2-MP, with remarkably stability to the consecutive reuses, were 

encountered for Pd/TiO2 and Pd/ZrO2 type materials, with quite low organic matter deposition 

and practically no changes in metal oxide structure and Pd particle sizes, even after 

regeneration. In addition, although Pd/Al2O3 suffered some deactivation during re-uses, its 

catalytic activity is practically completely recovered after regeneration. 

 

3.4 Catalytic activity of Pd supported on mixed metal oxides. 

In view of the fact that Pd supported on Al2O3, TiO2 and ZrO2 catalysts produced the best results 

among all the tested catalysts in the reductive amination of acetol with ethylenediamine, 

especially when considering its resistance to deactivation over several uses, high surface area 

mixed oxides TiO2-Al2O3, TiO2-ZrO2 and ZrO2-Al2O3 were synthesized in this work, and Pd 

(≈1% in weight) was incorporated onto these materials by impregnation (See Table 1).   

Kinetic curves for Pd-supported on metallic mixed oxide materials and compared with Pd-

supported on simple oxides are provided in ESI (Figure S14). The Pd-supported mixed oxide 

catalysts presented higher catalytic activity than the respective materials based on simple 

oxides, increasing the values for the yield to 2-MP in 3 h of reaction from ≈75% to ≈85% (see 

ESI, Figure S14). 

As in the case of Pd-supported on simple oxides, reusability and regeneration tests of Pd-

supported on mixed oxides were performed to see if these materials could also keep their 

catalytic behavior during several cycles. Results in Figure 7 show that both, the consecutive re-

uses and the regeneration process, do not significantly affect the catalytic performance of any 

of the prepared mixed oxides. Remarkably, Pd/TiO2-ZrO2 material show excellent stability 

(even after regeneration) followed by Pd/TiO2-Al2O3 and Pd/ZrO2-Al2O3 samples, respectively. 

These results are in agreement with what has been observed in the characterization analysis for 

the regenerated catalysts (Table 5) as, although the amount of organic matter deposited is higher 

than in the case of the catalysts based on simple oxides, this fact is likely to be compensated by 

the larger area amounts of active sites found in the materials described in this section (mainly 

due to the larger surface areas and the Pd particles with narrower size distributions and more 

centered at lower values observed for these samples). Nonetheless, and although the cleaning 

of the materials after the thermal regeneration is very satisfactory, it seems to be slightly 

affecting the catalytic performance in the cases of Pd/TiO2-Al2O3 and Pd/ZrO2-Al2O3, probably 
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because of the higher particle sizes observed after the regeneration process for these two 

catalysts (see Table 5 and Figure S6).  

 

 
Figure 7. Catalyst re-usability and regeneration for Pd supported on mixed oxide materials. 

Reaction conditions: 0.325 g acetol, 0.227 g ethylenediamine, 1.250 g MeOH, 13 bar H2, 0.056 g of 

catalyst at 90 ⁰C, during 7 h and with slow addition of acetol (100 μl/h). 

 

Table 5. Effect of reusability and regeneration on organic matter deposition, metal loading and 

metallic dispersion of Pd supported on simple metal oxide. 

Catalyst 

Pd (wt.%)a   C/N (wt.%)b  Pd particle size (nm)c  

[fresh] 
[after 1st 

use] 

[after 1st
  

use] 

[after 

regeneration] 
[fresh] 

[after   

regeneration] 

Pd/TiO2-Al2O3 1.0 1.0 2.7/1.2 0.8/0.3 1  4 

Pd/TiO2-ZrO2 1.1 1.1 2.9/1.6 0.4/0.0 4 5 

Pd/ZrO2-Al2O3 1.0 0.9 2.5/0.7 0.4/0.1 4 6 

a Pd content and chemical composition measured by ICP. b Results from elemental analyses (EA). c 

Average diameter of Pd nanoparticles calculated from TEM measurements of, at least, 100 particles. 
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3.5 Further comparison, understanding and catalyst selection. 

With the aim of establishing a further differentiation between the three mixed oxides-supported 

Pd materials (i.e. Pd/TiO2-Al2O3, Pd/TiO2-ZrO2, Pd/ZrO2-Al2O3) and the other three simple 

oxides showing the best yields to 2-MP and also the capability of being reused and regenerated 

(i.e. Pd/TiO2, Pd/Al2O3 and Pd/ZrO2), a 3 h long reactions were carried out for each one by 

working with a very reduced amount of catalyst (0.011 g; 5wt% with respect to the amine). By 

doing this, the differences observed in previous sections (Figures 7 and S14) were supposed to 

be made much clearer. Additionally, Table S3 shows how the “effective activity of the catalyst” 

(Yield to 2-MP, see Section 2.4) has always been kept far below 90%.  

Data of Table 6 indicate that Pd/TiO2-Al2O3 was, in fact, the material intrinsically more active 

among those studied in this work (Yield to 2-MP = 57%), followed by Pd/ZrO2-Al2O3 (Yield 

to 2-MP = 49%). In addition to these experiments, the acid properties of the different Pd-

supported materials here studied were determined by adsorption-desorption experiments with 

ammonia (NH3-TPD measurements, see Experimental section). A correlation between the 

catalytic activity (in terms of Yield to 2-MP) and the total Lewis acidity (examined by NH3-

TPD) of the Pd-supported materials was established and depicted in Figure 8, where results 

point out Pd/ZrO2-Al2O3 and Pd/TiO2-Al2O3 as the two materials with the highest 2-MP 

production values. 

 

Table 6. Yield to 2-MP and TON in the reductive cyclo-amination of acetol with 

ethylenediamine at shorter reaction times and with lower catalyst loadings.  

Catalyst Pd/Al2O3 Pd/TiO2-ZrO2 
Pd/ZrO2-

mix. 
Pd/TiO2 Pd/ZrO2-Al2O3 Pd/TiO2-Al2O3 

Yield to 2-MP  

(mol.%) 
23 26 29 44 49 57 

TONa 818 841 938 1304 1937 2028 

Reaction conditions: 0.325 g acetol, 0.227 g ethylenediamine, 1.250 g MeOH, 0.011 g of catalyst at 90 

⁰C and 13 bar of H2, during 3 h and with slow addition of acetol (100 μl/h). a TON = mol 2-MP∙mol Pd-

1. 
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Figure 8. Yield to 2-MP as a function of the total number of Lewis acid sites for Pd-supported 

materials in the reductive cyclo-amination of acetol with ethylenediamine. Reaction conditions: 

0.325 g acetol, 0.227 g ethylenediamine, 1.250 g MeOH, 0.011 g of catalyst, at 90 ⁰C and 13 bar of H2, during 3 

h and with slow addition of acetol (100 μl/h). 

 

Nevertheless, the explanation to this tendency with respect to the total number of Lewis acid 

sites is not straightforward and, therefore, the acidity seems not to be enough as to fully 

understand the reactivity in this series of materials. A detailed analysis of the product 

distribution for the different materials unveiled that high concentrations of acid sites shift the 

selectivity towards the appearance of non-desired Nitrogen-containing by-products (see ESI, 

Table S3). However, the reason why low concentrations of acid sites are detrimental for 

achieving high yields to 2-MP is not clear. Acid sites are often described in the literature to be 

a key point to favor the imine intermediate.[43] However, the formation of the imine 

intermediates seems to happen regardless of the support used, that is to say, at both ends of the 

graph (Figure 8), also occurring without catalyst, and even in the absence of hydrogen (see ESI, 

Table S3). On the other hand, no significant amounts of Nitrogen-containing by-products (N-

by-products different from imines) are observed for any material apart from Pd/ZrO2 (see ESI, 

Table S3).  
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Consequently, and on the account of the fact that differences in the imine hydrogenation are 

mainly what is defining the activity dissimilarities between catalysts (see ESI, Table S3), a 

greater deal of attention must be paid to hydrogen activation and C=N bond activation. 

Therefore, an analysis of the particle morphology together with the ability of each one of the 

catalysts to activate molecular H2 has been performed in order to cogently explain the catalytic 

differences. Therefore, IR spectroscopy of CO adsorption as probe molecule and H2/D2 isotopic 

exchange experiments have been performed in order to analyse the surface metal sites (i.e. 

crystal facets, uncoordinated sites, and particle morphology) and the H2 activation on the 

studied catalysts. In this sense, the recent literature on hydrogenation processes via metal 

nanoparticles has called attention to the role of the preferential activation of certain functional 

groups on specific metal nanoparticle features (i.e. facets, terraces, defects).[35,36,44] 

Concretely, in the work of Vidal et al [35] uncoordinated surface sites in Pt/TiO2 catalysts have 

been proposed as chemoselective for the hydrogenation of the imine (C=N) group. In fact, in 

our work, by performing  IR of CO adsorption studies, unsaturated sites characterized by an IR 

band of the Pd-CO interaction at 2042 cm-1, have been predominately observed in the Pd/TiO2-

Al2O3 sample (Fig. 9, red line) and in less extension in the Pd/ZrO2-Al2O3 sample (Fig. 9, green 

line). In addition, (111) and (100) facets (IR band at 2092 and 2085 cm-1) together with bridge 

CO and 3-fold CO configuration on Pd terraces (IR band at 1988 and 1925 cm-1, respectively) 

are also observed, but being more dominant in the Pd/TiO2 and Pd/Al2O3 samples (Fig. 9, black 

and blue lines, respectively).[45-48] Thus, based on the IR-CO results and correlating them 

with the catalytic data of Table 6, it is likely that uncoordinated Pd sites as in the Pd/TiO2-Al2O3 

sample favour imine hydrogenation. Moreover, these sites are more abundant at smaller particle 

sizes, as is the case of the Pd supported on bimetallic oxide catalysts. On the other hand, H2 

activation seems not to be determinant in catalyst activity since, based on the H2/D2 isotopic 

exchange experiments (Table 7 and Fig. S15-S18), similar H2 activation ability is observed on 

all samples.  
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Figure 9. IR spectra of CO adsorption at saturation coverage (i.e. 8.5 mbar CO) on Pd supported 

catalysts (after reduction). 

 

Table 7. HD/H2 mass signal ratio during the H2/D2 experiments over Pd-supported catalysts at 

different temperatures. 

Catalyst 

HD (T) / H2-bypass   

25 ºC 60 ºC 90 ºC 120 ºC 

Pd/Al2O3 0.40 0.48 0.51 0.54 

Pd/TiO2-Al2O3 0.21 0.32 0.38 0.43 

Pd/ZrO2-Al2O3 0.26 0.39 0.45 0.50 

 

After these findings, the superior catalytic performance of Pd/TiO2-Al2O3 and Pd/ZrO2-Al2O3 

could be explained. Nevertheless, and in order to select one of the two Pd-supported materials 

for further catalytic activity studies, a kinetic comparison between Pd/TiO2-Al2O3 and Pd/ZrO2-

Al2O3 was also done, verifying that, in fact, both catalysts show quite similar results in every 

section of the kinetic curve (see Figure S19, ESI). At this point, and although Pd/TiO2-Al2O3 
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could be selected as the best catalyst by taking into account its higher TON (see Table 6), two 

main reasons for its selection can be stated: i) its slightly higher reusability and regeneration 

capacity (see section 3.4), and ii) the inexpensive character of the Ti precursor in comparison 

with the Zr precursor used in catalyst preparation is enough reason. 

 

3.6 Reusability of Pd/TiO2-Al2O3, use in water and extension to other reactants 

With the idea to increase catalytic applicability in the process for 2-MP synthesis from acetol 

and considering the excellent performance of Pd/TiO2-Al2O3 catalyst, the possibility to achieve 

high yields to 2-MP with low catalyst loadings (5 wt% with respect to the amine) was checked, 

also testing the reusability of the catalyst when working under these affordable reaction 

conditions. Figure 10 shows that it is possible to attain 2-MP yields close to 80% with Pd/TiO2-

Al2O3 at 7 h of reaction, even when working with low amounts of catalyst. However, an 

undeniable loss of activity over the successive reuses is observed. This was expected since now 

the deposition of organic matter on the catalytic surface is taking more importance, as the 

elemental analysis studies unveiled (see ESI, Table S4). Nonetheless, it is possible to clean the 

catalytic surface and practically recover the catalytic activity after a regeneration process 

(Figure 10, Table S4). Importantly, when doing so, the average size of Pd particles on the 

catalyst is slightly increased (Figure S6a), which may account for this moderate-to-low loss of 

activity.  
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Figure 10. Yield to 2-MP in the reductive cyclo-amination of acetol with ethylenediamine with 

Pd/TiO2-Al2O3 over three consecutive catalytic cycles and the regenerated catalyst. Reaction 

conditions: 0.325 g acetol, 0.227 g ethylenediamine, 1.250 g MeOH, 0.011 g of catalyst, at 90 

⁰C and 13 bar of H2, during 7 h and with slow addition of acetol (100 μl/h). 

 

Finally, the possibility of using this catalyst in aqueous systems and for other reductive 

amination reactions with different carbonyl-type compounds derived from biomass feedstocks 

could be of industrial interest. For instance, glyoxal (1,2-ethanedial) could be an excellent 

candidate to be used as a starting reactant. This highly reactive dialdehyde offers numerous 

alternatives for reductive amination processes, either with amines[49] or amino acids[50], as a 

source of amino groups, and it can be produced from either biomass[51] or ethylene glycol 

oxidation[52,53]. The synthetic possibilities for glyoxal and amines in an aqueous medium are 

diverse and they would include compounds of interest such as: N,N'-diisopropyl-

ethylendiamine, N,N′-acetic acid-ethylenediamine (EDTA), amongst others, with current 

troublesome synthesis implying either several reaction stages or the use of classic reductive 

agents.  

In our case, the catalytic experiments were performed by using glyoxal and tert-butylamine (as 

N source), carrying out imination and hydrogenation reactions in a single step, with commercial 

Pd/Al2O3 and Pd/TiO2-Al2O3 as catalysts. Since most of the already described reductive 
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aminations involving glyoxal use water as solvent, a test was done with acetol and 

ethylenediamine to see to what extent using water instead of MeOH would be detrimental for 

the catalytic performance. The results are summarized in Figure 11. 

 

 

Figure 11. Reductive amination with glyoxal and tert-butylamine over 1%Pd/Al2O3 

(commercial catalyst) and 1%Pd/TiO2-Al2O3 material. Reaction conditions: (a): 0.550 g tert-

butylamine, 0.430 ml glyoxal, 0.500 g H2O (40% ac, slow addition = 140 μl//h), 0.135 g of catalyst, at 

90 ºC and 15 bar of H2, during 4 h. (b) 0.325 g acetol, 0.227 g ethylenediamine, 1.250 g H2O, 13 bar 

H2, 0.011 g of catalyst at 90 ⁰C, during 7 h and with slow addition of acetol (100 μl/h). 

 

Figure 11 clearly shows how our catalyst works better in water than the commercial Pd/Al2O3 

in the 2-methylpiperazine synthesis and, specially, in the reductive amination with glyoxal and 

tert-butylamine. Thus, 64% yield of the desired N-compound synthesized form glyoxal was 

attained with the Pd/TiO2-Al2O3 catalyst, whilst very low amounts of the product were detected 

with the Pd-based commercial catalyst. Besides, 68% yield to 2-MP was achieved by using the 

Pd-supported mixed oxide catalyst instead of the 42% yield reached with Pd/Al2O3. These 

evidences further confirm the greater capability of Pd/TiO2-Al2O3 to hydrogenate the C=N 

functionality.  It is also observed that carbon balances in water decrease when compared to that 

reactions carried out in MeOH (>95% in both cases). This fact is also proven by elemental 

analyses (see Table S4), and this is likely to lead to a more important deactivation. Nonetheless, 

the much better result obtained for the glyoxal reaction with Pd/TiO2-Al2O3 allows us to think 
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that it is quite feasible to carry out this sort of reactions with high yields of the desired Nitrogen-

compounds by using this catalyst under mild reaction conditions affordable at industrial scale. 

 

4. Conclusions 

A new and efficient catalytic route involving the reductive cyclo-amination of acetol with 

ethylenediamine in order to obtain 2-methylpiperazine (2-MP) can be carried out by using a 

series of solid catalysts based on Pd nanoparticles supported on simple and mixed metal oxides, 

easy and economical to be prepared, under mild reaction conditions. 2-MP yield optimization 

and catalyst stability studies have been carried out, being Pd/TiO2, Pd/ZrO2, Pd/TiO2-Al2O3, 

Pd/TiO2-ZrO2 and Pd/ZrO2-Al2O3 the materials that presented the best results in terms of 

activity and reusability among all the tested materials. Moreover, Pd/TiO2-Al2O3 showed higher 

activity than any other catalyst, being able to carry out the reaction either in shorter times or 

with very low catalyst loadings (≈5wt%). The correlation between the total number of acid sites 

with the yield to 2-MP stablished that too many acid sites resulted in the formation of more 

non-desired Nitrogen-containing by-products. On the other hand, a particle morphology 

exposing a large number of unsaturated Pd sites is essential to activate the C=N double bond 

and enhance its hydrogenation, as presented specially on Pd/TiO2-Al2O3.  Finally, the scope 

extension of Pd/TiO2-Al2O3 catalyst was assessed, thus proving to be capable to work properly 

when using other reductive amination substrates and at different conditions. Despite some 

moderate-to-low catalytic deactivation occurring when reactions are carried out in aqueous 

media, the catalytic activity continues to be good independently of the reactants employed. 

These findings make possible to think about future reductive amination processes in aqueous 

systems or involving a mixture of solvents by using this Pd-supported on mixed oxide as 

catalyst. 
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