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ABSTRACT 

In the current work gold nanoparticles supported on oxides (MgO, Al2O3, ZrO2, TiO2) 

were used for menthylamine synthesis via menthone oxime hydrogenation. An increase 

of the gold nanoparticles size and application of metal oxides with a strong basic 

character such as magnesia favored deoximation to menthone. Au/Al2O3 catalyst with the 

gold nanoparticles size of 2.0 nm afforded high catalytic activity and selectivity to 

menthylamine. The reaction kinetics including stereoselectivity to the reaction products 

and recyclability of the catalyst was studied using Au/Al2O3 in the temperature range 90-

110ºC under hydrogen pressure of 5.5-7.5 bar. The catalytic behavior was influenced by 

the solvent nature, with higher selectivity to desired amine achieved using methanol. The 

reaction rate was pressure independent, while has first order with respect to menthone 
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oxime concentration. Stereoselectivity to menthylamines and menthones was independent 

on the reaction temperature and the hydrogen pressure.  

Keywords: oxime hydrogenation, terpenoids, menthylamine, gold catalyst, biomass, 

kinetics. 
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1. Introduction 

Stereo-, regio- and chemoselective hydrogenation is of interest for synthesis of the 

desired products with a high efficiency. Widespread terpenoids form the largest group of 

natural compounds and are extensively applied as platform molecules in food, 

pharmaceutical and perfumery industries [ 1 ]. Terpenoids often contain asymmetric 

centers and several functional groups, including reducible ones. Development of selective 

catalysts for reduction of different functional groups in terpenoids aiming at production 

of valuable intermediates for fine chemicals and pharmaceuticals is a challenging task. 

Hydrogenation of monoterpene oximes is one of the key steps in the synthesis of valuable 

compounds. There is a variety of products that can be obtained starting from oximes 

including carbonyl compounds and amines. For instance, deoximation of carvone oxime 

is a key step in the synthesis of industrially valuable carvone from limonene [ 2 ]. 

Different terpene oximes are widely used as starting compounds and intermediates to 

obtain important heterocycles, nitriles, amines and carbonyl compounds [3]. Reduction of 

menthone oxime leads to formation of menthylamine [4] (Figure 1), which is of great 

practical interest due to its wide application for synthesis of catalysts for chiral phase-

transfer [5] and a range of chiral reactions, including hydrosilylation [6, 7, 8], Michael 

addition [9, 10], asymmetric epoxidation [11, 12] and Henry reactions [13]. Moreover, 

menthylamine is applied for synthesis of the stationary phase for high performance 

column chromatography [ 14 ]. Based on menthylamine, some biologically active 

compounds were obtained, including selective antagonists of TRPM8 channels, an 

important target for neuropathic analgesic drugs [15], as well as antagonists/inverse 

agonists of cannabinoid CB2 receptors [16].  



 4 

Menthylamine can be produced from menthone via a multistep reductive 

amination under Leuckart–Wallach conditions (a thermally driven reaction) or from 

menthone oxime under Bouveault–Blanc conditions using absolute ethanol and sodium 

metal and via hydrogenation using a transition metal catalyst [4, 17, 18]. In particular, 

menthone oxime was reduced using platinum black in glacial acetic acid and Raney 

nickel in methanol [4, 18]. These approaches resulted in menthylamine formation as a 

diastereomeric mixture, with the total yield of amine reaching 40-60%. The reaction 

complexity is related to possible formation of four diastereoisomers, namely, 

neomenthylamine, menthylamine, isomenthylamine and neoisomenthylamine. In our 

recent work Pt catalysts based on metal oxides were successfully used for menthone 

oxime hydrogenation to menthylamine [ 19 ]. Menthone oxime hydrogenation over 

Pt/Al2O3 catalysts provided the desired amine formation with the selectivity of 90% at 

complete oxime conversion. At the same time Pt catalysts application for hydrogenation 

of oximes, containing several reducible functional groups, such as carvone oxime, led to 

non-selective hydrogenation of both C=C and C=N bond [19]. 

As potential catalysts for selective hydrogenation of oximes to amines gold 

nanoparticles supported on metal oxides can be also considered. Previously it has been 

demonstrated in our work that Au/TiO2 catalyst promoted a one-pot synthesis of 

dihydrocarvone comprising sequential transformations of carvone oxime to 

dihydrocarvone [20], which is widely used as a flavoring additive in food industry [21]. 

In that work, application of Au/TiO2 catalyst for both deoximation and selective 

hydrogenation of conjugated olefinic C=C functional group was reported for the first 

time. Note, that unconjugated C=C double bond remained intact. A significant increase in 
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stereoselectivity towards trans-dihydrocarvone was observed when carvone oxime was 

hydrogenated: the ratio between trans- and cis-dihydrocarvone was close to 4.0 compared 

to 1.8 achieved in carvone hydrogenation [2, 22]. However, no amine formation was 

detected in that work. Generally gold catalysts showed outstanding selectivity and 

activity in the hydrogen borrowing reactions, as well as in hydrogenation of aldehydes, 

olefins [23-29]. They are well known as catalysts of the choice for chemoselective 

hydrogenation of nitro compounds in the presence of reducible functional groups [30-34]. 

Hydrogenation of nitrocompounds to amines was shown to proceed via an intermediate 

hydroxylamine derivative formation, while Corma et al. obtained oxime from α,β-

unsaturated nitrocompounds with H2 using a gold catalyst [31, 32]. Wang et al. reported 

gas phase hydrogenation of nitrocyclohexane over supported gold catalysts with the 

oxime being detected among the reaction products [35]. A cooperative effect between the 

metal and the support to dissociate H2 and to adsorb the substrate was revealed [33]. It 

was discussed by Boronat et al. that the desired selectivity can be achieved by using a 

proper support for the nitro group adsorption on the support and at the gold-support 

interface [33]. Shimizu et al. proposed cooperation of the acid-base pair site on alumina 

and the coordinatively unsaturated Au atoms on Au nanoparticles for heterolytic 

molecular hydrogen dissociation to H+/H- pair at the metal/support interface [32]. 

Following the latter study utilization of metal oxides containing both acid and basic 

active sites is preferable.  

Generally, utilization of gold catalysts with low hydrogenation activity did often 

provide higher chemoselectivity compared to conventional hydrogenation over Pt, Pd, Ru 

catalysts in the case of complicated substrates with several reducible functional group, 



 6 

such as terpenoids [36, 37]. Herein the research program of the authors on terpene oximes 

hydrogenation over heterogeneous metal catalysts was further expanded. In the present 

work the focus was on the gold catalyst design for direct menthone oxime hydrogenation 

to menthylamine (Figure 1), a compound of a high practical value. To the best of our 

knowledge, gold catalysts have never been applied for a systematic study of 

chemoselective oxime hydrogenation. Menthone oxime with a relatively simple structure 

was selected aiming at further application of the designed catalyst and approaches for 

more complicated structures of monoterpene oximes, containing reducible functional 

groups. As expected, Au catalysts can provide higher chemoselectivity compared to 

conventional Pt catalysts and were successfully applied for selective menthone oxime 

hydrogenation to menthylamine in the previous work of the authors [19]. On the other 

hand, it should be noted that menthylamine has three stereocenters resulting in 

diastereomers formation. A detailed study of mechanistic and kinetics regularities, 

including dynamics of diastereomers formation, was thus performed with gold containing 

catalysts. 

 

2. Experimental/methodology 

2.1. Preparation of catalysts 

Gold catalysts comprising Au (2 wt.%) on metal oxides were prepared by the 

deposition-precipitation method [ 38 ]. Commercial Al2O3 (Sasol), ZrO2 (Alfa-Aesar), 

TiO2 (Degussa AG, Aerolyst 7708), and MgO (Vekton) oxides were used as supports. 

The measured BET surface areas are presented in Table 1. Typically, an aqueous solution 

of HAuCl4 (1.6 × 10−3 M) and urea (0.21 M) was heated up to 81ºC and the supports in 
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the powder form (< 63 m) were added. The slurry was mixed for 4 h at 81ºC and then 

filtered and washed with water. Additionally, in the case of titania a different 

concentration of the gold precursor (5 × 10−4 M) and duration of the deposition of 24 h 

instead of 4 h were applied to vary the gold nanoparticles size. An excess of chloride in 

the samples after gold deposition was removed by washing with a solution of NH4OH, as 

reported in [38, 39]. Thereafter the catalysts were washed thoroughly with deionized 

water, filtered and dried at room temperature for 24 h. Before the catalytic tests, the 

samples were pre-treated in air flow increasing temperature to 350oC with a ramp rate of 

2oC/min.  

 

2.2. Characterization of supports and catalysts 

The fresh catalysts were studied by X-ray fluorescence spectroscopy (XRF), 

nitrogen adsorption technique, transmission electron microscopy (TEM), and X-ray 

photoelectron spectroscopy (XPS). 

The gold content in the synthesized catalysts was analyzed with an XRF with the 

powder pellet method using an ARL PERFORM’X spectrometer equipped with a 

rhodium anode X-ray tube (Thermo Fisher Scientific, USA). The porous structure of the 

catalysts was evaluated by N2 adsorption in a Micromeritics TriStar II-3020 device 

(Micromeritics Instrument Corp., USA). Prior the analysis, the samples were degassed in 

vacuum at 300°C for 4h using a Micromeritics VacPrep 061-Sample degas system 

(Micromeritics Instrument Corp., USA). The specific surface areas of the catalysts were 

determined with the Brunauer-Emmett-Teller (BET) method, while the pore size 

distribution was determined by the BJH model. 
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The mean size, morphology and elements distribution for supported nanoparticles 

were determined by STEM using JEM-2010 microscope (JEOL, Japan) with a lattice 

resolution of 0.14 nm at an accelerating voltage of 200 kV. Prior to analysis, the samples 

were ultrasonically deposited from a suspension in ethanol on a copper grid coated with a 

carbon film. The mean diameter was evaluated via measuring more than 150 particles. 

The XPS study of the fresh catalysts was performed on photoelectron 

spectrometer (SPECS Surface Nano Analysis GmbH, Germany) equipped with 

PHOIBOS-150 hemispherical electron energy analyzer, FOCUS-500 X-ray 

monochromator, and XR-50M X-ray source with double Al/Ag anode. The core-level 

spectra were obtained using monochromatic Al Kα radiation (h = 1486.74 eV) and 

energy of a fixed analyzer pass of 20 eV under ultra-high-vacuum conditions. All 

measured binding energies were referred to the C1s line of adventitious carbon at 284.8 

eV. For detailed analysis, the spectra were fitted into several peaks after background 

subtraction using the Shirley method. The fitting procedure was performed using 

CasaXPS software. The line shapes were approximated by the sum of Gaussian and 

Lorentz functions. 

 

2.3. Catalytic experiments 

Methanol (JT Baker) and L-menthone (SAFC, trans-/cis-isomer = 85/15) for the 

synthesis of menthone oxime were purchased from commercial suppliers and used as 

received. Menthone oxime was synthesized starting from L-menthone according to the 

method presented in [19]. Menthylamine mixture and (-)-menthone (pure trans-isomer) 
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to study the reaction mechanism were synthesized according to the method presented 

below. 

The catalyst screening was carried out in a batch reactor at 100ºC under H2 

atmosphere (7.5 bar). In a typical experiment, a mixture of menthone oxime (1 mmol), 

methanol (10 ml) and the catalyst (0.150 g, the active metal to substrate = 1.5 mol %) was 

intensively stirred. To explore the reaction kinetics, the temperature and hydrogen 

pressure were varied in the range of 90-110ºC and 5.5-7.5 bar, respectively. The catalytic 

experiments were performed in the kinetic regime. The internal diffusion limitations were 

excluded by using the Weisz-Prater criterion [40]. The impact of external diffusion was 

avoided by conducting experiments at an appropriate stirring speed (1100 rpm). 

The catalyst recyclability was studied by scaling the substrate, solvent and the 

catalyst threefold keeping the ratio between all of them the same. After each reaction run 

the catalysts was washed with methanol, dried at 100ºC and reused for the next run. 

During the reaction the samples of the volume of ca. 0.1-0.2 ml were periodically 

withdrawn and analyzed by gas chromatography: 7820A gas chromatograph (Agilent 

Tech., USA), HP-5 column (length 30 m, inner diameter 0.25 mm and film thickness 0.25 

μm), flame ionization detector operating at 300°C, helium carrier gas (flow rate 2 

mL/min, flow division 5:1), temperature range from 120 °C to 280 °C, heating 20 

°C/min. Additionally the structure of the products was confirmed by gas chromatography 

- mass spectrometry (Agilent Tech. 7890 A gas chromatograph with an Agilent 5975C 

quadrupole mass spectrometer, HP-5MS column, length 30 m, inner diameter 0.25 mm 

and film thickness 0.25 μm, helium carrier gas, flow rate 1 mL/min, flow division 10:1, 

temperature range from 50 °C to 280 °C, heating 15 °C/min). 1H- and 13C-NMR spectra 
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were recorded using a Bruker DRX-500 spectrometer 500.13 MHz (1H) and 125.76 MHz 

(13C) in CDCl3 and Bruker AV-400 spectrometer 400.13 MHz (1H) and 100.61 MHz (13C) 

in CDCl3. A ratio of stereomeric menthylamines and menthones was determined by high 

resolution gas chromatography on Agilent 7200 Accurate Mass Q-TOF GC/MS under 

following conditions: HP-5MS column (length 30 m, inner diameter 0.25 mm and film 

thickness 0.25 μm); 280 °C GC injector temperature; GC oven temperature range from 50 

°C with the temperature holding of 2 min to 280 °C with temperature holding of 5 min, 

heating 2 °C/min; helium carrier gas (flow division 50:1) with 1 cm3/min flow rate. The 

mass spectrometer used electron ionization with 70 eV ionization energy, 230 °C MS ion 

source temperature, 150 °C MS quadrupole temperature. The signals for amines and 

ketones were integrated as ions with a maximum contribution in the total ion current 

(70±0.5 m/z for amines and 112±0.5 m/z for ketones, respectively). The total ion current 

for each signal was calculated as a maximum intensity of the ion current to maximum 

intensity ion contribution in the total ion current. The latter was obtained for all 

diastereomers by analyzing the menthones and methylamines mixtures as a maximum 

intensity ion current to the total ion current. 

TOF values were calculated in two different ways using either moles of converted 

menthone oxime (Eq. 1) or formed menthylamines (Eq. 2) per mole of exposed catalytic 

site per unit of time corresponding to the linear part of the kinetic curves according to the 

following equation: 

tDn

nn
TOF

Me 




0

        (1) 

tDn

n
TOF

Me

ea


 min*

        (2) 
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where 0n  and n are the initial and after 1 h molar amounts of menthone oxime, ean min is 

molar amounts of menthylamines after 1 h, nMe (mol) the active metal amount in the 

catalyst, D is the metal dispersion, t is the reaction time, ranging from 0 to 1 h. The metal 

dispersion was estimated from TEM images for metal nanoparticles using the following 

equation 
Me MeD 8 r / d  , where rMe is the metal radius (nm) and dMe is the particle mean 

diameter (nm). Eq. (1) corresponds to overall transformations of menthone including 

those involving the acid-base properties of the metal oxide materials, while eq. (2) 

reflects exclusively hydrogenation on the surface of gold. 

 

2.4 Synthesis of menthylamine (mixture of stereoisomers) 

Method 1. Synthesis of menthylamine was performed according to the method 

described in [41]. Sodium borohydride (2.8 g, 75 mmol) was added to the solution of 

(2S,5R)-2-isopropyl-5-methylcyclohexanone oxime (2.1 g, 12 mmol) and NiCl2·6H2O 

(5.7g, 24 mmol) in MeOH (40 ml) at -40°C during 4 hours. The resulting mixture was 

stirred 2 hours at -40°C and then overnight at room temperature. The saturated ammonia 

solution (20 ml) was added followed by filtering the mixture and extracting with diethyl 

ether (100 ml). The combined organic layer was washed with brine (20 ml), dried over 

Na2SO4 and evaporated yielding the mixture of menthylamines (65%, 1.3 g, 8.1 mmol). 

This mixture was analyzed by high resolution gas chromatography. All four 

diastereoisomers were formed, with neomenthylamine being the main product according 

to 1H-NMR. The spectrum of the pure neomenthylamine is presented in [ 42 ]. 

Menthylamine and isomenthylamine were assigned using the amines mixture obtained by 

the method 2 (see below). After the signals of neoisomenthylamine were identified by 
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excluding signals of other isomers, the ratio of amines was calculated as 

60.0:21.0:0.5:18.5 (neomenthylamine : menthylamine : isomenthylamine : 

neoisomenthylamine). 

Method 2. Menthylamine was synthesized following [43]. Sodium (1.1 g, 49 

mmol) was added to the solution of (2S,5R)-2-isopropyl-5-methylcyclohexanone oxime 

(0.75 g, 4.4 mmol) in absolute ethanol (5.6 ml) under reflux. After the reaction was 

completed, the mixture was diluted by ethanol (4.7 ml) and treated upon cooling by 2.5M 

HCl (20 ml) and 10% NaOH (20 ml) solutions consequently, followed by extraction of 

amines by diethyl ether (3x30 ml). The organic layer was washed with brine (20 ml), 

dried over Na2SO4 and evaporated yielding the mixture of menthylamines (82%, 0.57g, 

3.6 mmol). According to [44] only menthylamine and isomenthylamine could be formed. 

We found by NMR that menthylamine was mainly formed while isomenthylamine and 

neomenthylamine were minor products. The spectra of the individual isomer are 

presented in [45]. 

 

2.5 Synthesis of (-)-menthone 

Synthesis of (-)-menthone was performed according to the method described 

elsewhere [46]. Commercially available L-menthone represents a mixture of trans- and 

cis-isomers (85:15). In the current study the trans-isomer was used to explore the reaction 

scheme. Pyridinium chlorochromate (0.64 g, 3.0 mmol) and silica gel 60 (0.64 g) were 

ground. The powder was suspended in dichloromethane (6.5 ml) and a solution of (-)-

menthol (Sigma-Aldrich, 0.31 g, 2.0 mmol) in dichloromethane (1.5 ml) was added to the 

resulted mixture. The suspension was stirred at room temperature for 5 hours, eluted with 
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diethyl ether (20 ml), filtered through silica gel end evaporated yielding (-)-menthone. 

For removing traces of chromium impurities prior to catalytic experiments a solution of (-

)-menthone in hexane (10 ml) was washed by 0.05M EDTA (50 ml), the organic layer 

was washed with brine (5 ml) dried over Na2SO4 and solvent was evaporated. The yield 

of (-)-menthone was 94% (0.29 g, 1.9 mmol). NMR 1H and 13C are given in 

Supplementary Materials. 

 

3. Results and discussion 

3.1. Catalysts characterization 

Specific surface area and porosity of oxides used as supports were determined by 

nitrogen adsorption. The results are presented in Table 1. Based on XRF the metal 

loading in the catalysts was in agreement with the theoretical one being ca. about 

2 wt. Au %.  

According to TEM data Au nanoparticles were characterized with an almost 

semispherical shape practically without well detectable crystallographic planes. Typically, 

the catalysts were characterized with a uniform and narrow distribution of metal particles. 

Note, in the case of Au/TiO2 catalysts synthesized during 24 h some agglomerates with 

Au nanoparticles size of ca. 20 nm were detected by TEM. The agglomerates were found 

only in a negligible fraction not affecting the monomodal size distribution of 

gold nanoparticles as well as the average particle size. The latter values are summarized 

in Table 2, while TEM micrographs are presented in Supplementary Material. In the case 

of Au/TiO2 catalysts two type of catalysts were synthesized depending on the preparation 

technique with average particle sizes of 3.0 and 4.9 nm. 
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XPS was used to study the chemical state of gold giving the Au4f core-level 

spectra shown in Figure 2. The Au4f spectra were characterized by the Au 4f7/2-Au 4f5/2 

doublet, where the peak integral intensities are related as 4:3 and the spin-orbit splitting is 

3.67 eV. Only metallic Au species were found for the synthesized catalysts. Depending 

on the support a slight shift of the Au4f7/2 peak was observed. Typically, the binding 

energy of metallic bulk gold is 84.0 eV. At the same time, Au nanoparticles show a 

significant shift of the electron binding energy of core levels compared with the bulk 

values [47]. Moreover, the core level values were demonstrated to depend on the metal 

oxide support. Particularly, Claus et al. proposed that the binding energy of an electron is 

influenced by the coordination number of the respective atom, being strongly related to 

the particle–support interactions [47]. Different position of Au4f7/2 peak found in the 

present work may be related to different character of the particle-support interactions in 

the tested catalysts. Au nanoparticles supported on titania, alumina, magnesia and 

zirconia were characterized with the binding energy of Au4f7/2 peak at 83.7, 83.8, 83.8 

and 83.8 eV, respectively, being in a good agreement with the literature data [38, 48-51]. 

In the case of gold nanoparticles supported on magnesia the binding energy of Au4f7/2 

peak was 83.8 eV [52]. Note that for Au/MgO catalyst Au4f spectrum was partly 

overlapping with the Mg2s spectrum. 

 

3.2. Catalytic results 

3.2.1. Catalytic properties of synthesized Au catalysts. Effect of the support 

nature 
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In the current study Au catalysts were used for menthone oxime hydrogenation 

aiming at the development of a catalytic method for menthylamine synthesis and, in 

general, finding approaches for stereo- and chemoselective hydrogenation of oximes to 

amines. First, gold nanoparticles supported over different metal oxides such as MgO, 

Al2O3, ZrO2, TiO2 were tested in menthone oxime hydrogenation at 100ºC and hydrogen 

pressure of 7.5 bar using methanol as a solvent to determine an optimal catalyst for a 

further study of kinetic regularities. 

As mentioned above hydrogenation of methone oxime is of interest to produce 

valuable menthylamine (Fig. 1). While menthylamine has three stereocenters, in the 

current case only two of them were involved in catalytic processes resulting in four 

diastereoisomers. The kinetics of the diastereomers formation is discussed below. The 

second possible direction of the reaction is deoximation to menthone. The route is 

interesting as an approach for selective deoximation, which in some cases can be of 

practical interest [20, 53 ]. The reaction scheme was proposed based on the earlier 

discussed mechanism of the oximes hydrogenation in the presence of Pd complexes [54]. 

Note that the intermediate imine seems to be not stable and was not detected in the 

reaction mixture. 

It is worth to note that the metal oxides per se were shown to be active in 

menthone oxime deoximation producing selectively menthone (Table 2). No 

menthylamine was, however, observed in their presence. Moreover, catalytic activity was 

noticeably lower compared to the corresponding Au-containing catalysts.  

Catalytic behavior was seen to be dependent on the gold nanoparticles size and 

the support nature (Table 2). Au nanoparticles supported on titania with an average 
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particle size 4.9 nm promoted menthone oxime deoximation giving trans- and cis-

menthones. The decrease in Au nanoparticles size to 3.0 nm resulted in predominant 

menthylamine formation. Gold supported on other metal oxides (TiO2, ZrO2, Al2O3) with 

the average Au nanoparticle size ranging from 2.0 to 3.0 nm showed similar selectivity to 

the products and catalyzed hydrogenation of the oxime to the amino group. In the case of 

gold nanoparticles supported on MgO with a strong basic character selectivity to 

menthylamine decreased noticeably and deoximation to menthone mainly occurred with 

selectivity of 53%.  

Turnover frequency (TOF) for a series of gold catalysts over different metal 

oxides depends strongly on the acid-base properties of support (Table 2). A similar trend 

was observed for TOF* values representing efficiency of the amine formation over Au 

catalysts (Eq. 2) (Table 2). 

Similar to Shimizu et al. [32] analysis of TOF values for gold catalysts along with 

the electronegativity of the metal ions in metal oxides supports demonstrated that both 

acidic and basic sites of the support played an important role in menthone oxime 

hydrogenation to menthylamine. Electronegativity of the metal or a corresponding ion 

calculated based on the Pauling approach determines the acid–base properties of metal 

oxides in the way that an increase in electronegativity increases acidity of the metal oxide 

surface. For applied in this work metal oxides electronegativity of the metals or their ions 

in support increases in the following order: MgO˂Al2O3˂ZrO2˂TiO2. The highest TOF 

value among the catalysts with the gold particle size ranging from 2.0 to 3.0 nm was 

achieved using Au/Al2O3. Gold deposited on the support with a basic character such as 
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MgO and on more acidic metal oxides such as ZrO2 and TiO2 showed almost the same 

catalytic activity. 

Thus, small Au nanoparticles (2-3 nm) favored oxime group hydrogenation to 

amine, whereas the influence of the support nature is also traced. In fact, the former result 

can be caused by more efficient hydrogen activation over smaller gold nanoparticles [55, 

56]. On the other hand, the acid–base properties of the support can affect the dissociative 

adsorption of hydrogen on the surface of gold catalysts and the substrate adsorption [32]. 

Detailed discussion on the mechanism scheme based on the obtained results is presented 

below. Based on the catalysts screening, Au/Al2O3 catalyst with the gold nanoparticles 

size of 2.0 nm as more active and selective in menthone oxime hydrogenation to 

menthylamine among the tested catalysts was selected for the kinetic study. 

 

3.2.2. Solvent effect 

Crucial effect of the solvent nature on the hydrogenation regularities is well known 

[57]. The solvent can affect the active sites of the catalyst, intermediates/products, 

reactants etc. Particularly, in our previous work the effect of solvent on the catalytic 

activity and stereoselectivity in carvone hydrogenation to dihydrocarvone was 

quantitatively described based on the transition state theory and the Kirkwood treatment 

[22]. The applied theory considered a reaction between ions and dipolar molecules or 

between two dipolar molecules and the influence of the solvent polarity on the reaction 

kinetics. 

In the current work the effect of the solvent nature on the reaction regularities was 

explored using apolar and aromatic, polar aprotic and protic solvents, such as hexane, 
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toluene, tetrahydrofuran (THF), methanol, respectively. Note that the solvent effect was 

studied using the gold catalyst. The experiments with the gold catalyst and particularly 

with Au nanoparticles supported on titania with an average particle size 4.9 nm revealed 

that not only the active sites of the support but also Au species are involved in menthone 

oxime deoximation. Indeed Au/TiO2 promoted menthone oxime deoximation giving 

trans- and cis-menthones with the total yield of 57% compared to 11% over TiO2 per se 

after 7 h (Table 2). Since the influence of Au is more important for deoximation than of 

the support, the impact of the side transformations depending on the solvent was 

estimated over the gold catalyst, rather than over the support per se. Catalytic activity and 

selectivity to menthylamine were significantly influenced by the solvent in the presence 

of Au/Al2O3 catalyst (Table 2). The highest TOF value was obtained using toluene, with 

the following reactivity trend toluene ˃ hexane ˃ methanol ˃ THF. At the same time 

methanol provided noticeably higher selectivity to menthylamine, while other solvents 

diminished selectivity to the desired amine in a similar manner because of menthone 

oxime deoximation to menthone. In the latter cases menthones were formed with almost 

the same selectivity as menthylamines (Table 2). Similarly, toluene utilization in the 

presence of titania-supported gold catalyst (Au NPs 3 nm) increased the catalytic activity 

along with the decrease in the selectivity to the amine because of predominant 

deoximation (Table 2). 

In fact, there are numerous parameters that can regulate both the reaction rate and 

the selectivity to the reaction products. In particular activity can be related to hydrogen 

solubility, which decreases in the following order: hexane > toluene > THF > methanol 

[58, 59]. Thus, hydrogen concentration in the solution seems not to limit the reaction. 
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Another parameter is related to competitive adsorption of the substrates and the solvents 

on the catalysts surface [57]. However, such influence is crucial when aromatic solvents 

like toluene, THF are used because of strong adsorption of the solvent on the catalysts 

surface decreasing the reaction rate. Compared to other solvents applied for menthone 

oxime hydrogenation methanol has a tendency for dissociative adsorption on the 

catalysts, forming alkoxides and additional surface hydrogen [57, 60 ]. Indeed, 

accumulation of additional hydrogen on the gold-support interface can increase 

selectivity to the desired amine, being thus significantly higher in methanol. Note that 

during menthol oxime hydrogenation in methanol traces of the product of the interactions 

between the methoxide and amine were detected in the reaction mixture. At the same 

time no transformations of menthone oxime without molecular hydrogen were initiated 

over the gold catalyst in methanol. 

Considering stabilization of the reactants and intermediates by the solvent it was 

demonstrated that polar solvents provided a lower reaction rate of polar substrates 

conversion because of stronger interactions between the substrate and the solvent [57]. 

Particularly the reaction rate of acetophenone hydrogenation was higher in apolar 

solvents like toluene [61]. In the current study apolar toluene and hexane led to higher 

activity compared to methanol and THF. A simple analysis considering the transition 

state theory and the Kirkwood treatment for elementary reactions does not allow 

correlation of catalytic activity (TOF in Table 2) with the dielectric constant, which 

increases in the order: hexane < toluene < THF < methanol. Thus, the solvent effect on 

activity and selectivity in menthone oxime is more complex and cannot be interpreted 

using a concept of the elementary reactions dependence on solvent polarity. For instance, 
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already a reaction mechanism comprising two steps [62] is capable of describing optima 

(maxima or minima as in the current case) for the reaction rates vs. dielectric constant. 

Moreover, as mentioned above, dissociative adsorption of the solvent can interfere 

influencing not only activity, but also selectivity. In particular, a noticeably higher 

selectivity to menthylamine in methanol as a solvent most likely can be attributed to such 

type of adsorption.  

 

3.2.3. Formal reaction kinetics 

To explore the kinetics of menthone oxime hydrogenation the effect of the 

reaction temperature and hydrogen pressure on the reaction rate and the selectivity to the 

products was studied in the range 90-110ºC and 5.5-7.5 bar in methanol using Au/Al2O3 

catalyst. The results are depicted in Figures 3 and 4. 

The internal diffusion limitations were excluded by using the Weisz-Prater 

criterion [40]. For the maximal initial oxime hydrogenation rate (3∙10-4 mol∙l-1∙s-1) the 

estimated Weisz-Prater modulus was amounted to Ф = 0.04, which indicates absence of 

any influence of the reaction rate by the substrate diffusion inside the catalyst pores. Due 

to this criterion no pore limitation occurs, if the Weisz-Prater modulus for the first order 

reaction is below unity, while for the second order reaction it should be below 0.3. The 

impact of external diffusion limitations was avoided by conducting experiments at an 

appropriate stirring speed (1100 rpm). 

The hydrogen pressure had no effect on the oxime consumption and overall 

selectivity to menthylamines within the studied interval (Fig. 3). Thus, the reaction has a 

zero order with respect to hydrogen pressure. The experimental data for different 
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temperatures were well described by the equation corresponding to the first order kinetics 

(Fig. 4a): 

X = 1 – e-k·t,     (2) 

where X is conversion and k is the rate constant. Plotting ln(k) versus 1/T results in a 

straight line, as shown in Figure 4b, giving the apparent activation energy calculated from 

the slope of the Arrhenius plot equal to 46 kJ/mol (with 98% confidence limits). The 

value of apparent activation energy showed a negligible impact of external diffusion, 

since otherwise the apparent activation energy is close to 3-10 kJ/mol [40]. 

As mentioned above, in the current study menthylamine was formed as a mixture 

of four diastereoisomers, namely neomenthylamine, menthylamine, isomenthylamine, 

neoisomenthylamine (Fig. 1). To identify the diastereoisomers the synthesis of 

menthylamine was additionally performed in the current study. Two different approaches 

were applied giving a mixture of stereoisomers with different composition [41, 43]. The 

oxime reduction by sodium borohydride in the presence of NiCl2 in methanol resulted in 

the mixture of diastereoisomers with ratio calculated as 60.0:21.0:0.5:18.5 

(neomenthylamine : menthylamine : isomenthylamine : neoisomenthylamine). The 

reduction of menthone oxime by sodium borohydride in absolute ethanol gave mainly 

menthylamine while isomenthylamine and neomenthylamine were formed in minor 

amounts. In the case of menthone oxime hydrogenation over Au/Al2O3 predominant 

formation of neomenthylamine and neoisomenthylamine was detected in the reaction 

mixture, whereas isomenthylamine was observed in trace amounts. The selectivity to the 

diastereomers on menthone oxime conversion was independent on both the reaction 

temperature and the hydrogen pressure (Fig. 5 a, c). During the reaction the 
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stereoselectivity slightly changed being most likely thermodynamically controlled. 

Indeed the ratio between diastereoisomers of menthylamine obtained using Au/Al2O3 as a 

catalyst was close to the value for the synthetic method 1 applied in the current study 

(neomenthylamine (60.0 %), menthylamine (21.0 %), isomenthylamine (0.5 %) and 

neoisomenthylamine (18.5 %)). Hydrogenation of menthone oxime to the intermediate 

imine seems to be the rate determining step and further hydrogen addition is controlled 

by thermodynamics. Based on the literature data in the presence of platinum black in 

glacial acetic acid the main product was neomenthylamine, while hydrogenation over 

Raney nickel in methanol led to predominant neoisomenthylamine formation [44]. Thus, 

utilization of catalysts did not affect the diastereoisomers composition, however, 

significantly improving efficiency and sustainability of the process. Note that individual 

diastereomers can be obtained from the resulting mixtures by silica gel column 

chromatography purification [45] or by crystallization with (+)- and (-)-tartaric acids 

[63]. 

Similar to menthylamines the formation of trans- and cis-menthone was not 

affected by the reaction temperature and hydrogen pressure (Fig. 5 b, d). The ratio 

between stereoisomers was close to 4 at almost complete menthone oxime conversion, 

with thermodynamically more stable trans-isomer being obtained predominantly [64, 65]. 

Note that while the trans-isomer of menthone oxime was used as a starting substrate, 

both trans- and cis-menthone were detected in the reaction mixture.  

An attempt to explore in more detail catalytic isomerization of menthone was 

performed using neat trans-isomer synthesized by (-)-menthol oxidation. First, no 

thermal isomerization of trans-menthone occurred under hydrogen atmosphere. Trans-
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menthone was reacting very slowly in the presence of the catalyst under the reaction 

conditions resulting in only 5% trans-menthone conversion to cis-isomer after 7 h. 

Addition of menthylamine to trans-menthone in a stoichiometric amount resulted in 18% 

of conversion after 7 h. Utilization of triethylamine instead of menthylamine suppressed 

isomerization completely. Additionally, no trans-menthone isomerization occurred under 

nitrogen pressure both without the amine and in the presence of menthylamine. 

Therefore, the results demonstrated a critical feature of menthone isomerization that the 

primary amine and molecular hydrogen are involved in the transformation. 

Thus, a scheme of trans- to cis-menthone isomerization can tentatively be 

proposed based on the obtained reaction regularities and a general mechanism of similar 

transformations. The proposed reaction intermediate formed during isomerization as a 

result of the initial protonation followed by hydrogen subtraction from the α-carbon via 

interaction with the amine is presented in Figure 6. Molecular hydrogen, as discussed in 

details below, underwent heterolytic dissociation on the gold catalyst surface giving 

hydride ions on gold and protons stabilized on the support, with the latter being initiated 

menthone isomerization. Such heterolytic dissociation of hydrogen over gold catalysts 

has been recently discussed in the literature in connection of several heterogeneous 

catalytic reactions [66, 67]. 

Menthone isomerization was earlier studied using both homogeneous acidic and 

basic catalysts including a detailed kinetic study [64, 68, 69]. Bergman observed a larger 

rate constant for the enolate ion formation from trans-menthone compared to the 

corresponding rate constant for cis-menthone, being considered as a rate-limiting step. 

Generally similar reaction mechanisms were proposed in these studies with some 
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specificities depending on the catalyst nature. In fact, previously hydrogen was 

considered as an astoichiometric reactant in cis-trans isomerization of substituted 

cyclohexanols, such as for example 4-tertbutylcyclohexanols [70] or in menthols [71]. 

Ultimately, to study Au/Al2O3 catalyst recyclability, menthone oxime 

hydrogenation was performed in three consecutive experiments. After each experiment 

the catalyst was filtered, washed with methanol, dried at 100°C and reused, keeping the 

same ratio between substrates, the solvent and the catalyst. The catalytic activity 

increased in each subsequent experiment, whereas selectivity to menthylamine at the 

same value of menthone oxime conversion (95%) decreased (Fig. 7). Selectivity to 

menthones and the side products including the product of the interactions between the 

solvent and amine increased in each subsequent experiment.  

The reasons of the catalyst deactivation are most likely related to strong 

adsorption of the intermediates or the reaction products, which can form oligomeric or 

polymeric structures. Au/Al2O3 catalyst after the third reaction run was characterized by 

TEM (Fig. 8a). Compared to the fresh sample the gold particles size increased just 

slightly while the carbon deposits, which may block the active sites, were clearly detected 

on the surface. Leaching of the active phase, as another reason for catalyst deactivation, 

was excluded based on the XRF analysis. In our previous work a drastic reduction of the 

catalytic activity was observed during one-pot myrtenol amination with aniline over 

Au/ZrO2 catalyst because of the intermediate imine oligomerization or polymerization 

and subsequent blocking of the active sites [72]. At the same time, in the case of 

menthone oxime hydrogenation, its conversion was not influenced giving just a gradual 

decrease in selectivity to menthylamine. Thus, deactivation mainly affected the active 
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sites required for hydrogenation to the amine. An attempt to restore selectivity to 

menthylamine by Au/Al2O3 catalyst regeneration was performed. The catalyst after the 

third reaction run was subjected to the treatment in an air flow up to 450ºC with the 

heating rate 10º/min. According to TEM data the gold particle size in Au/Al2O3 did not 

change after the treatment (Fig. 8b). At the same time catalyst regeneration did not 

completely restore the catalytic activity and almost the same catalytic activity and 

selectivity to desired menthylamine were achieved as for the third reaction run (Fig. 7).  

 

3.2.4. Discussion on the reaction mechanism 

In our recent study on monoterpenoid oximes hydrogenation over platinum 

catalysts possible reaction scheme was discussed [19]. It was proposed that the oxime 

hydrogenation proceeds via imine formation followed by its further hydrogenation or 

hydrolysis depending on the nature of the catalyst [19, 54]. Similar to Pt catalysts, no 

transformations of menthone oxime to both menthones and menthylamines were 

observed without molecular hydrogen over the gold nanoparticles on metal oxides. At the 

same time menthylamine was obtained over the gold nanoparticles with a proper particle 

size close to 2-3 nm.  

Earlier Corma et al. observed oxime formation during hydrogenation of α,β-

unsaturated nitrocompounds by molecular hydrogen using a gold catalyst that tentatively 

showed some common features in the substrate activation on the catalyst surface for the 

reduction of nitrocompounds and oximes [31]. Based on DFT calculations, it was 

proposed that chemoselective hydrogenation of a nitro group in nitrostyrene over 

Au/TiO2 proceeded via H2 dissociation, while energetically and geometrically favored 
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adsorption through the nitro group occurred on titania and in the interface between the 

low coordinated gold nanoparticle and the support [33]. In addition, Shimizu et al. 

demonstrated for a highly active Au/Al2O3 catalyst using FTIR in-situ that nitrostyrene 

interacts with alumina through the nitro group. Molecular hydrogen underwent 

heterolytic dissociation on the surface of Au/Al2O3 giving hydride ions on low 

coordinated Au atoms and protons stabilized at the oxygen atoms of the support [32, 73].  

Based on the data obtained in the current study and the literature data the reaction 

scheme can be proposed for gold catalysts (Fig. 9). In the case of menthone oxime 

hydrogenation independent on the reaction route the substrate is adsorbed on the metal 

oxide (MeO, Fig. 9) surface interacting with it through the oxime group. Subsequently for 

both routes activation most likely proceeds via a proton transfer from the support surface. 

The presence of gold nanoparticles increased the initial reaction rate because of 

heterolytic hydrogen dissociation generating available hydrogen species [73]. Such 

dissociation leads to formation of Aun-H- and MeOH+ (Fig. 9). It is worth to emphasize 

that it was experimentally and theoretically demonstrated that low coordinated gold 

atoms were required for dissociative adsorption of H2 and the average number of 

dissociatively adsorbed hydrogen atoms increased with decreasing the particle size being 

limited to the gold atoms on corner and edge positions [55, 56]. Thus, smaller gold 

nanoparticles provided more efficient hydrogen activation favoring oxime hydrogenation 

to the amino group via a transfer of H+/H- species from the metal-support interface to the 

polar bond (Fig. 9). Alternatively, a lack of active hydrogen species on the catalyst 

surface as well as metal oxides with a basic character resulted in a transfer of hydroxyl 

species from the support giving menthone (Fig. 9). Note that the presence of hydroxyl 



 27 

species on the support surface can be related also to dissociative methanol adsorption 

[ 74 ]. In fact, an increase in selectivity to menthone over gold supported on basic 

magnesia is in line with this hypothesis.  

Therefore, gold nanoparticles seem to act in tandem with the metal oxide during 

menthone oxime transformation. Both menthone oxime and molecular hydrogen 

activation proceeded by involving active sites of the support, with the acid-base 

properties of the support being important. Gold nanoparticles with a proper size (2-3 nm) 

provided more efficient hydrogen activation. 
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4. Conclusions 

In the current study gold nanoparticles supported over different metal oxides such 

as magnesia, titania, zirconia and alumina were utilized for menthone oxime 

hydrogenation. For the first time gold catalysts were shown to be efficient for the 

synthesis of valuable menthylamine. Gold nanoparticles and metal oxides used as a 

support seem to act in tandem. The initial adsorption of menthone oxime was proposed to 

proceed on the support surface, while molecular hydrogen is dissociated giving a hydride 

ion on the low coordinated Au atom and proton stabilized at the oxygen atom of the 

support. An increase of gold nanoparticles size and utilization of metal oxides with a 

strong basic character such as magnesia favored deoximation to menthone. A higher 

catalytic activity and selectivity to menthylamine was achieved in the presence of 

Au/Al2O3 catalyst. Gold supported on more acidic metal oxides such as ZrO2 and TiO2 

showed a lower catalytic activity compared to alumina displaying similar selectivity to 

menthylamine. Kinetics of menthone oxime hydrogenation was studied over Au/Al2O3 

catalyst. The catalytic activity and the selectivity to menthylamine were noticeably 

influenced by the solvent nature, with higher selectivity to the amine achieved using 

methanol. The reaction has zero and first orders with respect to hydrogen pressure and 

menthone oxime concentration, respectively. Stereoselectivity to menthylamines and 

menthones was independent on the reaction temperature and the hydrogen pressure, being 

more affected by thermodynamics. Au/Al2O3 catalyst recyclability was studied in three 

consecutive experiments. A gradual decrease of selectivity to menthylamine was 

observed, whereas the catalytic activity did not suffer. The deactivation mainly affected 
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the active sites required for hydrogenation to the amine most likely related to strong 

adsorption of the intermediates or reaction products, which can form oligomeric or 

polymeric structures.  
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Figure 1. Scheme of gold-catalyzed transformation of menthone oxime under hydrogen 

atmosphere.  
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Figure 2. XPS spectra of Au catalysts (symbols – experimental data, curves – fitting). 
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Table 1. Specific surface area and pores of oxides used as supports. 

Sample SBET, m2/g Pore volume, cm3/g Pore diameter, nm 

MgO 33 0.2 22.6 

Al2O3 204 0.5 10.3 

ZrO2 103 0.3 10.8 

TiO2 45 0.2 7.6 
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Table 2. Average particle sizes according to TEM measurements and catalytic properties 

of gold catalysts after 7 h. The reaction conditions: T = 100°C, p (H2) = 7.5 bar, 

menthone oxime 1 mmol, solvent 10 ml, catalyst 150 mg (Me/menthone oxime = 1.5 

mol.%). 

Sample 

NPs size, 

nm Solvent 
TOFd, 

h-1 

TOF*e, 

h-1 

Conversion, 

% 

Selectivity, % 

 Menthylaminesf Menthonesf 

TiO2 - methanol - - 14 0 82 

ZrO2  methanol  - 20 0 100 

Al2O3 - methanol - - 38 0 92 

MgO  methanol  - 22 0 91 

        

Au/TiO2
a 4.9 methanol 54 5.6 82 10 70 

        

Au/TiO2 

3.0 

methanol 21 14.2 73 62 13 

Au/TiO2
c methanol 21 14.2 80 61 13 

Au/TiO2 toluene 32 9.2 99 29 66 

        

Au/ZrO2 
2.1 

methanol 18 12.3 79 67 13 

Au/ZrO2
c methanol 18 12.3 85 66 13 

        

Au/Al2O3 

2.0 

methanol 30 20.1 99 64 18 

Au/Al2O3
 toluene 45 19.3 98 43 41 

Au/Al2O3 hexane 34 16.5 97 48 37 

Au/Al2O3 THF 19 8.3 65 45 48 

        

Au/MgO 
3.0 

methanol 20 4.7 63 24 53 

Au/MgOc methanol 20 4.7 76 26 57 
aAu/TiO2 catalyst was synthesized using an aqueous solution of HAuCl4 with the 

concentration of 5 × 10−4 M during 24 h; 

bThe reaction was performed using toluene as a solvent; 

cConversion after 9 h; 

dTotal turnover frequency was calculated after 1 h according to Eq. 1; 

eTotal turnover frequency was calculated after 1 h according to Eq. 2; 

fOverall selectivity to menthylamine and menthone, respectively. 
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Figure 3. Effect of hydrogen pressure on menthone oxime consumption and 

menthylamines formation over Au/Al2O3 catalyst. The reaction conditions: T = 100°C, p 

(H2) = 5.5-7.5 bar, menthone oxime 1 mmol, methanol 10 ml, catalyst 150 mg 

(Me/menthone oxime = 1.5 mol.%). 
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Figure 4. Menthone oxime conversion vs. reaction time at different temperature over 

Au/Al2O3 catalyst (a) and Arrhenius plot of rate constant of menthone oxime 

hydeogenation (b). The reaction conditions: T = 90-110°C, p (H2) = 7.5 bar, menthone 

oxime 1 mmol, methanol 10 ml, catalyst 150 mg (Me/menthone oxime = 1.5 mol.%). 
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Figure 5. Selectivity to menthylamines (a, c) and menthones (b, d) vs. reaction time at 

different reaction temperature and hydrogen pressure. The reaction conditions: T = 90-

110°C, p (H2) = 5.5-7.5 bar, menthone oxime 1 mmol, methanol 10 ml, Au/Al2O3 catalyst 

150 mg (Me/menthone oxime = 1.5 mol.%). 
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Figure 6. The intermediate of catalytic trans- to cis-menthone isomerization in the 

presence of menthylamine. 
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Figure 7. Menthone oxime conversion after 4 h and selectivity to the main products at the 

same menthone oxime conversion (95%) at 100°C and hydrogen pressure of 7.5 bar for 

Au/Al2O3 recycling and regeneration in air flow up to 450°C (10º/min). 
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a b 

Figure 8. TEM micrographs and histograms of Au/Al2O3 catalyst: (a) after third reaction 

run and (b) the catalyst regeneration in air flow up to 450°C (10º/min). The reaction 

conditions: T = 100°C, p (H2) = 7.5 bar, menthone oxime 1 mmol, methanol 10 ml, 

catalyst 150 mg (Me/menthone oxime = 1.5 mol.%). 
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Figure 9. A mechanistic scheme of gold-catalyzed menthone oxime hydrogenation (MeO 

– metal oxide support). 
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