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Abstract 
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Terpenoid transformations on gold catalysts 

 

Doctoral thesis, Laboratory of Industrial Chemistry and Reaction Engineering, Process Chemistry 
Centre, Department of Chemical Engineering, Åbo Akademi University, 2014.  
 
Keywords: gold catalysts, terpenoids, α-pinene, camphene, myrtenol, carvone, dihydrocarvone, 
isomerization, one-pot amination, hydrogenation, kinetic modeling, catalyst deactivation, solvent 
effect.  
 
Nowadays biomass transformation has a great potential for the synthesis of value-added compounds 
with a wide range of applications. Terpenoids, extracted from biomass, are inexpensive and 
renewable raw materials which often have a biological activity and are widely used as important 
organic platform molecules in the development of new medicines as well as in the synthesis of fine 
chemicals and intermediates. At the same time, special attention is devoted to the application of 
gold catalysts to fine chemical synthesis due to their outstanding activity and/or selectivity for 
transformations of complex organic compounds. Conversion of renewable terpenoids in the 
presence of gold nanoparticles is one of the new and promising directions in the transformation of 
biomass to valuable chemicals. In the doctoral thesis, different kinds of natural terpenoids, such as 
α-pinene, myrtenol and carvone were selected as starting materials. Gold catalysts were utilized for 
the promising routes of these compounds transformation. 
 
Investigation of selective α-pinene isomerization to camphene, which is an important step in an 
industrial process towards the synthesis of camphor as well as other valuable substrates for the 
pharmaceutical industry, was performed. A high activity of heterogeneous gold catalysts in the 
Wagner-Meerwein rearrangement was demonstrated for the first time. Gold on alumina carrier was 
found to reach the α-pinene isomerization conversion up to 99.9% and the selectivity of 60-80%, 
thus making this catalyst very promising from an industrial viewpoint. A detailed investigation of 
kinetic regularities including catalyst deactivation during the reaction was performed. 
 
The one-pot terpene alcohol amination, which is a promising approach to the synthesis of valuable 
complex amines having specific physiological properties, was investigated. The general regularities 
of the one-pot natural myrtenol amination in the presence of gold catalysts as well as a correlation 
between catalytic activity, catalyst redox treatment and the support nature were obtained. Catalytic 
activity and product distribution were shown to be strongly dependent on the support properties, 
namely acidity and basicity. The gold-zirconia (Au/ZrO2) catalyst pretreated under oxidizing 
atmosphere was observed to be rather active, resulting in the total conversion of myrtenol and the 
selectivity to the corresponding amine of about 53%. The reaction kinetics was modelled based on 
the mechanistic considerations with the catalyst deactivation step incorporated in the mechanism.  

 
Carvone hydrogenation over a gold catalyst was studied with the general idea of investigating both 
the activity of gold catalysts in competitive hydrogenation of different functional groups and 
developing an approach to the synthesis of valuable carvone derivatives. Gold was found to 
promote stereo- and chemoselective carvone hydrogenation to dihydrocarvone with a predominant 
formation of the trans-isomer, which generally is a novel synthetic method for an industrially 
valuable dihydrocarvone. The solvent effect on the catalytic activity as well as on the ratio between 
trans- and cis-dihydrocarvone was evaluated.  
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isomerisering, ettstegsaminering, hydrering, kinetisk modellering, katalysatordeaktivering, 
lösningsmedelseffekt 
 
Nuförtiden har omvandling av biomassa en stor potential för syntes av värdefulla komponenter med 
många tillämpningar. Terpenoider, som har extraherats ur biomassan, är billiga förnyelsebara 
råmaterial, vilka ofta är biologiskt aktiva och de används som viktiga organiska intermediärer vid 
utveckling av nya läkemedel samt vid syntes av finkemikalier och specialkemikalier. Samtidigt har 
det ägnats mycket uppmärksamhet för tillämpning av guld som katalysatormetall för syntes av 
finkemikalier, därför guldnanopartiklar har visat sig vara mycket aktiva och selektiva i kemisk 
omvandling av komplexa organiska föreningar. Omvandling av förnybara terpenoider i närvaro av 
guldnanopartiklar är en av de nya och lovande inriktningarna vid omvandling av biomassa till 
värdefulla kemikalier. I doktorsavhandlingen valdes olika typers naturligt förekommande 
terpenoider, s.s. -pinen, myrtenol och karvon som råmaterial. Guldkatalysatorer utnyttjades vid 
omvandling av dessa komponenter i lovande reaktionsrutter. 
 
Selektiv isomerisering av -pinen till kamfen, vilket är ett viktigt steg i en industriell process mot 
syntes av kamfor och andra värdefulla komponenter inom läkemedelsindustrin, undersöktes i 
avhandlingen. En hög aktivitet av heterogena guldkatalysatorer i Wagner-Meervein-omvandlingen  
demonstrerades för första gången. Guld på aluminiumoxidbärare möjliggjorde en omsättning av  
-pinen up till 99.9% med selektiviteten 60-80% och visade sig vara en lovande katalysator även ur 
industriell synvinkel. En detaljerad undersökning av kinetiska regelbundenheter och 
katalysatordeaktivering under reaktionens förlopp utfördes. 
 
Aminering av terpenalkohol i ett steg, vilket är ett lovande system för syntes av värdefulla 
komplexa aminer med specifika fysiologiska egenskaper, undersöktes. De allmänna  
regelbundenheterna i ettstegsaminering av naturligt förekommande myrtenol i närvaro av 
guldkatalysatorer samt korrelationer mellan katalytisk aktivitet, katalysatorns redoxtillstånd och 
bärarmaterialets egenskaper utvecklades. Den katalytiska aktiviteten och produktfördelningen 
visade sig vara starkt beroende av bärarmaterialets egenskaper, nämligen surhet och bashet. Guld på 
zirkoniumoxid (Au/ZrO2) som behandlades under en oxiderande atmosfär observerades vara ganska 
aktiv samt resultera i fullständig omsättning av myrtenol och ca 53%:s selektivitet för respektive 
amin. Reaktionskinetiken modellerades med hjälp av mekanistiska idéer samt genom att beakta 
katalysatorns deaktivering. 
 
Karvonhydrering på guldkatalysatorer undersöktes som ett exempel på konkurrerande hydrering av 
olika funktionella grupper och en metod för syntes av värdefulla karvonbaserade produkter 
utvecklades. Guld upptäcktes gynna stereo- och kemoselektiv karvonhydrering till dihydrokarvon 
med bildning av trans-isomeren som huvudprodukt. Detta förfarande är en ny syntesmetod för 
industriellt viktig dihydrokarvon. Inverkan av lösningsmedlet på katalysatorns aktivitet samt 
förhållandet mellan trans- och cis-dihydrokarvon undersöktes också i arbetet.  
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В настоящее время переработка компонентов возобновляемого растительного сырья c 
использованием гетерогенных катализаторов для получения ценных соединений с широким 
спектром применения имеет большой потенциал. Терпеноиды, содержащиеся в составе 
эфирных масел и живиц хвойных деревьев, зачастую обладают биологической активностью 
и широко используются для получения их производных с новыми физиологическими 
свойствами, а также ценных продуктов тонкого органического синтеза. Вместе с тем 
применение наночастиц золота в реакциях тонкого органического синтеза представляет 
особый научный интерес в связи с их необычайно высокой активностью и/или 
селективностью, обнаруженной для некоторых реакций. В данной работе в качестве 
исходных субстратов были выбраны разные типы соединений природного происхождения – 
α-пинен, миртенол, карвон – и исследованы перспективные маршруты их превращения. 

 

Изучена изомеризация α-пинена в камфен, которая является важной стадией промышленного 
процесса синтеза камфары, а также некоторых биологически активных веществ. Впервые 
показана высокая активность гетерогенных нанесенных золотосодержащих катализаторов в 
перегруппировке Вагнера-Меервейна. Предложена оптимальная Au/γ-Al2O3 каталитическая 
система для изомеризации α-пинена в камфен, позволяющая достичь 99.9%-ной конверсии 
при 60-80%-ной селективности, что делает данный катализатор привлекательным с 
промышленной точки зрения. Изучены основные кинетические закономерности реакции в 
присутствии Au/γ-Al2O3, включая исследование процессов дезактивации катализатора. 

 

Изучены основные закономерности жидкофазного аминирования миртенола в присутствии 
гетерогенных Au катализаторов. Исследовано влияние природы носителя, окислительно-
восстановительных условий формирования активного Au компонента на активность и 
селективность образования основных продуктов в этой реакции. Показано, что наиболее 
активным и селективным является Au/ZrO2 катализатор, прошедший окислительную 
термообработку, в котором соотношение основных и кислотных центров на поверхности 
носителя наиболее благоприятно среди исследованных катализаторов. Исследованы 
кинетические закономерности аминирования миртенола с учетом вклада процессов 
дезактивации. Предложены схема механизма и кинетическая модель реакции. 

 

Исследована реакция гидрирования карвона в присутствии Au катализатора с целью 
изучения активности золотых катализаторов в конкурентном гидрировании различных 
функциональных групп, а также разработки подхода для синтеза ценных производных 
карвона. Показана высокая активность гетерогенных нанесенных золотосодержащих 
катализаторов в стерео- и хемоселективном гидрировании карвона в дигидрокарвон с 
преимущественным образованием транс-изомера, что является новым методом синтеза 
промышленно ценного дигидрокарвона. Изучено влияние растворителя на каталитическую 
активность и соотношение между транс- и цис-дигидрокарвоном. 
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Превращения терпеноидов в присутствии золотых катализаторов  
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Centre, Department of Chemical Engineering, Åbo Akademi University, 2014.  
Ключевые слова: золотые катализаторы, терпеноиды, α-пинен, камфен, миртенол, карвон, 
дигидрокарвон, изомеризация, прямое аминирование, гидрирование, кинетическое 
моделирование, дезактивация катализатора, влияние растворителя.  
 
В настоящее время переработка компонентов возобновляемого растительного сырья c 
использованием гетерогенных катализаторов для получения ценных соединений с широким 
спектром применения имеет большой потенциал. Терпеноиды, содержащиеся в составе 
эфирных масел и живиц хвойных деревьев, зачастую обладают биологической активностью 
и широко используются для получения их производных с новыми физиологическими 
свойствами, а также ценных продуктов тонкого органического синтеза. Вместе с тем 
применение наночастиц золота в реакциях тонкого органического синтеза представляет 
особый научный интерес в связи с их необычайно высокой активностью и/или 
селективностью, обнаруженной для некоторых реакций. В данной работе в качестве 
исходных субстратов были выбраны разные типы соединений природного происхождения – 
α-пинен, миртенол, карвон – и исследованы перспективные маршруты их превращения. 

 

Изучена изомеризация α-пинена в камфен, которая является важной стадией промышленного 
процесса синтеза камфары, а также некоторых биологически активных веществ. Впервые 
показана высокая активность гетерогенных нанесенных золотосодержащих катализаторов в 
перегруппировке Вагнера-Меервейна. Предложена оптимальная Au/γ-Al2O3 каталитическая 
система для изомеризации α-пинена в камфен, позволяющая достичь 99.9%-ной конверсии 
при 60-80%-ной селективности, что делает данный катализатор привлекательным с 
промышленной точки зрения. Изучены основные кинетические закономерности реакции в 
присутствии Au/γ-Al2O3, включая исследование процессов дезактивации катализатора. 

 

Изучены основные закономерности жидкофазного аминирования миртенола в присутствии 
гетерогенных Au катализаторов. Исследовано влияние природы носителя, окислительно-
восстановительных условий формирования активного Au компонента на активность и 
селективность образования основных продуктов в этой реакции. Показано, что наиболее 
активным и селективным является Au/ZrO2 катализатор, прошедший окислительную 
термообработку, в котором соотношение основных и кислотных центров на поверхности 
носителя наиболее благоприятно среди исследованных катализаторов. Исследованы 
кинетические закономерности аминирования миртенола с учетом вклада процессов 
дезактивации. Предложены схема механизма и кинетическая модель реакции. 

 

Исследована реакция гидрирования карвона в присутствии Au катализатора с целью 
изучения активности золотых катализаторов в конкурентном гидрировании различных 
функциональных групп, а также разработки подхода для синтеза ценных производных 
карвона. Показана высокая активность гетерогенных нанесенных золотосодержащих 
катализаторов в стерео- и хемоселективном гидрировании карвона в дигидрокарвон с 
преимущественным образованием транс-изомера, что является новым методом синтеза 
промышленно ценного дигидрокарвона. Изучено влияние растворителя на каталитическую 
активность и соотношение между транс- и цис-дигидрокарвоном. 
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 1

1. Introduction 

The attention of the world scientific community is increasingly focused on environmental 

protection and efficient use of natural resources. A huge number of scientific publications on 

biomass transformation into valuable commercial chemicals have appeared recently [1-3]. 

Currently, the design of the new catalytic routes starting from renewables and different from 

traditional chemical synthesis routes is one of the key issues of sustainable development and holds a 

great potential for further investigation as well as synthesis of a range of valuable compounds [4]. 

Natural terpenoids, based on multiples of the five -carbon isoprene subunit, represent a large 

and diverse class of organic compounds which often have biological activity and are widely used as 

important organic platform molecules in the development of new medicines as well as in the 

synthesis of fine chemicals and intermediates [5-7]. More than 22 000 individual terpenoids are 

currently known, making them the largest group of natural compounds. 

Nowadays, special attention is devoted to the utilization of gold catalysts for fine chemical 

synthesis due to its unique activity for transformations of complex organic compounds. Many 

reviews concerning the application of nano-gold catalysis in organic reactions have been published, 

including those of Hashmi and Hutchings in 2006 [8], Corma and Garcia in 2008 [9], Stratakis and 

Garcia [10] and Zhang et al. in 2012 [11]. Moreover, some examples of outstanding activity and/or 

selectivity of nanosized gold catalyst in the conversion of biomass-derived compounds have been 

also described recently [12]. Nevertheless, the conversion of renewable terpenoids in the presence 

of gold nanoparticles is one of the new and promising directions in transformation of biomass to 

valuable chemicals. 

In this work different kinds of natural terpenoids, such as α-pinene, its oxygenated 

derivative myrtenol and carvone, which are hydrocarbon, alcohol and ketone, respectively, were 

selected as starting materials. Gold catalysts were utilized for the perspective routes of these 

compounds transformation. 



Inroduction 

 1

1. Introduction 

The attention of the world scientific community is increasingly focused on environmental 

protection and efficient use of natural resources. A huge number of scientific publications on 

biomass transformation into valuable commercial chemicals have appeared recently [1-3]. 

Currently, the design of the new catalytic routes starting from renewables and different from 

traditional chemical synthesis routes is one of the key issues of sustainable development and holds a 

great potential for further investigation as well as synthesis of a range of valuable compounds [4]. 

Natural terpenoids, based on multiples of the five -carbon isoprene subunit, represent a large 

and diverse class of organic compounds which often have biological activity and are widely used as 

important organic platform molecules in the development of new medicines as well as in the 

synthesis of fine chemicals and intermediates [5-7]. More than 22 000 individual terpenoids are 

currently known, making them the largest group of natural compounds. 

Nowadays, special attention is devoted to the utilization of gold catalysts for fine chemical 

synthesis due to its unique activity for transformations of complex organic compounds. Many 

reviews concerning the application of nano-gold catalysis in organic reactions have been published, 

including those of Hashmi and Hutchings in 2006 [8], Corma and Garcia in 2008 [9], Stratakis and 

Garcia [10] and Zhang et al. in 2012 [11]. Moreover, some examples of outstanding activity and/or 

selectivity of nanosized gold catalyst in the conversion of biomass-derived compounds have been 

also described recently [12]. Nevertheless, the conversion of renewable terpenoids in the presence 

of gold nanoparticles is one of the new and promising directions in transformation of biomass to 

valuable chemicals. 

In this work different kinds of natural terpenoids, such as α-pinene, its oxygenated 

derivative myrtenol and carvone, which are hydrocarbon, alcohol and ketone, respectively, were 

selected as starting materials. Gold catalysts were utilized for the perspective routes of these 

compounds transformation. 



Inroduction 

 2

Isomerization of α-pinene, which is the major component of turpentine oil derived from 

coniferous trees, in the presence of acid catalysts results in the formation of different mono-, bi- and 

tricyclic terpenes (Scheme 1) [2].  

Among reaction products 

camphene plays an important 

role as an intermediate for 

synthesis of camphor, which is a 

valuable substrate for 

pharmaceutical and perfumery 

industries. Generally, α-pinene 

isomerization to camphene 

represents Wagner-Meerwein 

rearrangement, namely alkyl 

group migration from one 

carbon to a neighboring carbon. 

In industry, the transformation of α-pinene into camphene is performed in liquid phase at 

423-443 K over TiO2 catalyst activated in situ by H2SO4 with rather low reaction rates, giving yields 

from 35 to 50% [13]. Other acidic catalysts such as natural [14-17] and synthetic zeolites [18-20], 

activated carbon [21], clays [13, 22], ion exchange resins [23] and silica supported - rare earth 

oxides [24] have been also examined. However, in the presence of these catalysts a complex 

mixture of isomers was obtained in most cases, particularly without selective formation of 

camphene. At the same time, taking into account the fact that cationic gold(I) complexes have 

recently evolved as excellent Lewis acid catalysts for various Wagner-Meerwein shifts, such as the 

ring expansion of cyclopropanols to the corresponding cyclobutanones [25, 26], utilization of 

heterogeneous gold catalysts have a great potential for this reaction [I, II]. To the best of our 

CamphenePinene

p -Cymene Limonene

Tricyclene
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Scheme 1.  Reaction pathways of α-pinene isomerization 

catalyzed by acid catalysts. 
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knowledge, supported gold metal catalysts have never been tested before for α-pinene 

isomerization.  

Another challenge in the organic catalysis for fine chemicals is to develop selective 

amination of alcohols to yield amines of a certain structure having specific physiological properties. 

Complicated amines based on natural monoterpene alcohols are of high practical interest for the 

development of new pharmaceuticals. In particular complicated terpene amines, synthesized from 

renewable raw materials, were recently shown to exhibit specific physiological properties, such as 

antiparkinsonian, anxiolytic, antiepileptic activities, and can be used as intermediates of potential 

drugs for neurological diseases [27-30]. 

The one-pot alcohol amination is a perspective approach to the synthesis of complicated 

amines with different structures. The synthesis generally consists of three consecutive steps: 

dehydrogenation of an alcohol to a reactive aldehyde, which reacts with an amine to produce a 

corresponding imine and the hydrogen transfer from the alcohol to the imine via metal-hydride 

intermediates with the amine formation (Scheme 2).  

The one-pot multistep reaction 

holds a high potential for 

increasing the efficiency for 

chemical synthesis of 

medicinally and biologically 

important compounds. At the 

same time, the complexity of 

this process is reflected by a 

large number of parameters which can influence each step. Thus the integrated study of the one-pot 

alcohol amination is a difficult, but necessary task in the development of an effective process for the 

synthesis of valuable amines. For a long time, special attention was focused on this process, initially 

in the presence of homogeneous catalysts [31-34] and more recently, different heterogeneous metal 

Scheme 2. Schematic view of the one-pot alcohols amination. 
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catalysts [35-38]. Gold catalysts are shown to be highly effective for the direct alcohol amination by 

using benzyl alcohol and aniline as typical model substrates [39-41]. In order to study general 

regularities of one-pot natural terpene alcohol amination in the presence of gold catalysts, myrtenol, 

which represents a natural terpene alcohol with a primary hydroxyl group, was selected as a model 

substrate [III, IV].  

Ultimately, the last part of the work is devoted to the investigation of carvone hydrogenation 

[V], which is one of the most widespread natural monoterpenoids [42] and is widely used in food 

and perfumery industry [43] as well as in the synthesis of fine chemicals [44-47]. This process is of 

great practical interest to obtain a range of valuable products, including dihydrocarvone (Scheme 3), 

which is formed as a mixture of two stereoisomers and has spearmint-like odor and is used as a 

flavoring additive in various food products [43, 48].  

 
Scheme 3. Reaction pathways of carvone hydrogenation. 
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At the same time, carvone is an interesting substrate to explore the catalyst activity in stereo- 

and chemoselective hydrogenation, because it contains an asymmetric center with a specific 

configuration as well as three types of functional groups, which can be hydrogenated: C=O, 

conjugated C=C and isolated C=C groups. In general, the selective hydrogenation of 

multifunctional organic molecules is one of the topics, which is actively studied in catalytic fine 

chemistry. 

Carvone can be hydrogenated to dihydrocarvone by using Bu3SnH/Pd(PPh3)4 in the 

presence of protonic or Lewis acids [49], metal hydrides [50, 51], zinc powder in the presence of 

NiCl2 [52] and alkali alcohol solution [47], Me(EtO)2SiH in the presence of various complexes of 

copper and palladium [53], sodium dithionite [54] and using enzymatic methods [55]. At the same 

time, carvone hydrogenation by molecular hydrogen in the presence of heterogeneous catalysts is a 

more effective approach in terms of green chemistry. There are a lot of examples of carvone 

hydrogenation over different heterogeneous catalysts as well [56-64]. However, in the presence of 

these catalysts dihydrocarvone was not found or was formed only in small yields up to 30% as a 

part of complex mixtures. To the best of our knowledge, there is no heterogeneous catalyst that 

allows the formation of dihydrocarvone via carvone hydrogenation at high selectivity.  

Gold has been used in hydrogenation reactions acting as a very promising catalyst, 

especially in selective hydrogenations. For a long time, enormous attention was given to 

chemoselective hydrogenation of unsaturated carbonyl compounds to the corresponding unsaturated 

alcohols over gold catalysts [8-10, 65-71]. The advantage of using gold was the ability to 

selectively hydrogenate the C=O group in presence of to C=C group, as the latter hydrogenation is 

kinetically and thermodynamically favored. At the same time, in the case of carbonyl compounds 

containing different conjugated and isolated C=C double bonds, predominant conjugated C=C 

double bond hydrogenation was observed over the gold catalysts, for example, in the case of citral 

[68]. Additionally, the C=C double bond in ketones, having more sterically unhindered C=O group 
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compared to aldehydes, was observed to be predominantly hydrogenated [68]. Therefore, utilization 

of gold catalysts for carvone hydrogenation to valuable dihydrocarvone is a promising approach. 

Thus, summarizing it can be stated that, terpenoids are a rich source for the chemical 

synthesis of value-added compounds with a wide range of applications. The general idea of this 

work was to study some commercially interesting pathways of natural terpenoid transformations in 

the presence of gold catalysts. 
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2. Experimental 

2.1. Substrates 

α-Pinene was isolated from turpentine oil by vacuum distillation and contained the 

following impurities: tricyclene – 0.19 wt. %, camphene – 1.61 wt. %, β-pinene – 3.54 wt. %,  

3-carene – 1.30 wt. %. (1 R)-(-)-Myrtenol of 95.0% purity, (1 R)-(-)-myrtenal (≥97.0%) and aniline 

(99.5%) for alcohol amination as well as (-)-carvone (98.0%), D-(+)–dihydrocarvone of 98.0% 

purity (mixture cis- and trans-isomers, cis-/trans- = 20:80), L-(-)-carveol of 97.0% purity (mixture 

cis- and trans-isomers, cis-/trans- = 54:46) and (-)-limonene (97.0%) were supplied by Sigma-

Aldrich (Germany) and used as received.  

n-Octane and toluene applied as solvents for α-pinene isomerization and one-pot myrtenol 

amination, respectively, were purchased from Reakhim (Russia) and purified by vacuum 

distillation. The monoterpenoids hydrogenation was studied utilizing methanol (Sigma-Aldrich, 

Germany), ethanol (Reakhim, Russia) and 2-propanol (Reakhim, Russia), which were additionally 

dried before experiments. 

 

2.2. Catalysts 

2.2.1. Gold catalysts for α-pinene isomerization 

The gold catalysts for investigation of α-pinene isomerization were synthesized at Surface 

Science Laboratory at Boreskov Institute of Catalysis (Novosibirsk) by Boris L. Moroz and 

Pavel A. Pyrjaev.  

 

2.2.1.1. Supports 

A series of the following supports were selected for α-pinene isomerization: 

1. ceria was synthesized from Ce(NO3)3·6H2O by Pechini method and granulated (particle size 

200-500 m, SBET = 110 m2/g, lattice parameter 5.403 Å). 
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2. γ-alumina modified by lanthanide (Ln) oxides was synthesized by impregnation of alumina 

support by water solution of nitrate La (III) or a mixture of Ln nitrate followed by 

calcination in air at 1073 K. Microspheroidal γ-Al2O3 was produced at Boreskov Institute of 

Catalysis from pseudoboehmite (particle size 500-700 m, SBET = 185 m2/g, total pore 

volume 0.93 cm3/g). 

3. carbon composite material Sibunit was supplied by Institute of Hydrocarbon Processing 

(Omsk) (particle size 200-500 m, SBET = 281 m2/g, total pore volume 0.39 cm3/g). 

4. -alumina (R,S) was synthesized from boehmite and granulated at Boreskov Institute of 

Catalysis (particle size 200-500 m, SBET = 149 m2/g, total pore volume 0.45 cm3/g).  

5. -alumina was supplied by Ryazan Oil Refinery Company (Russia) (particle size 200-

500 m, SBET = 268 m2/g, total pore volume 0.69 cm3/g) 

 

2.2.1.2. Catalyst preparation  

Hydrogen tetrachloroaurate HAuCl4aq (49.47 wt. % Au) used as a gold precursor was 

purchased from Aurat (Russia) and used without further purification. Several methods of catalyst 

preparation were applied:  

1. deposition-precipitation technique with NaOH for Au supported on CeO2, -Al2O3 (R,S) and  

-Al2O3 modified by lanthanide oxides. The samples obtained were washed with water, 

filtered, dried at room temperature and then calcined at 673 K for 4 h. 

2. modified deposition-precipitation technique with ethylenediamine instead of NaOH for 

carbon-supported gold catalyst; 

3. wetness impregnation for Au/-Al2O3 was similar to the methods previously described in 

ref. [72]. After treatment in flowing H2 at 673 K for 4 h, the sample was additionally treated 

with an aqueous 1M NaOH solution for removal of Cl- and neutralization of acidic sites on 

the support surface. Thereafter, it was thoroughly washed with warm distilled water to 

remove Na+ and excess hydroxide ions. Finally, the sample was dried at 373 K for 8 h using 

Experimental 

 9

a vacuum system and calcined in air at 473 K for 4 h. Some catalysts were additionally 

calcined in air at 473 K for 4 h and at 873 K for 4 h and 21 h.  

 

2.2.2. Gold catalysts for one-pot myrtenol amination 

The gold catalysts for one-pot myrtenol amination were synthesized at Centro de 

Nanociencias y Nanotecnología de la Universidad Nacional Autónoma de México by the group of 

Prof. Andrey V. Simakov.  

 

2.2.2.1. Supports 

Commercial CeO2, Al2O3, La2O3, ZrO2 (Alfa Aesar) and MgO (Mallinckrodt) oxides were 

used as supports. The specific surface area and pores of oxides are presented in [III].  

 

2.2.2.2. Catalyst preparation  

Catalysts with 3% wt. Au over such oxides as CeO2, Al2O3, La2O3, ZrO2 (Alfa Aesar) and 

MgO (Mallinckrodt), respectively, were synthesized by deposition-precipitation technique using 

HAuCl4 (Alfa-Aesar) as a gold precursor and urea as a precipitating agent similar to the procedure 

described elsewhere [73]. In order to remove the excess of chloride after gold deposition, the 

samples were washed with a 25 M solution of NH4OH (pH ca. 10), in accordance with [74, 75]. 

Thereafter, the samples were washed with deionized water, filtered and dried at room temperature 

for 24 h. Then the samples were calcined in oxygen while heating from room temperature up to 

623 K with a ramp rate of 20°/min. 

 

2.2.3. Gold catalysts for carvone hydrogenation 

The 2 wt. % Au/TiO2 catalyst was prepared at Åbo Akademi University by 

Dr. Olga A. Simakova from HAuCl4 aqueous solution (5×10-4 M) by deposition-precipitation with 

urea (DPU) at 354 K during 24 h onto TiO2 (Degussa AG, Aerolyst 7708, anatase >70%, 
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SBET = 45 m2/g). The obtained slurry was washed with NH4OH aqueous solution (4 M) and 

deionized water. Thereafter, the catalyst was dried at 333 K for 12 h and calcined at 573 K for 4 h. 

The catalyst was characterized by a variety of state of the art physical methods described in detail in 

[76]. 

 

2.3. Catalyst characterization 

2.3.1. Inductively coupled plasma atomic emission spectroscopy 

The metal loading of the gold catalysts supported on alumina modified by lanthanide oxides, 

titania as well as in catalysts for myrtenol amination was determined by inductively coupled plasma 

atomic emission spectroscopy (ICP-AES) using a Varian Liberty 110 ICP Emission Spectrometer.  

 

2.3.2. X-ray fluorescence 

The Au and Cl contents of the catalysts for α-pinene isomerization except gold supported on 

alumina modified by lanthanide oxides were measured using X-ray fluorescence (XRF) technique 

on a VRA-30 instrument equipped with a Cr-anode. Diffuse reflectance UV–vis spectra were 

recorded on a Shimadzu UV-2501 PC spectrometer equipped with an ISR-240 integrating sphere 

attachment for diffuse reflectance measurements, using BaSO4 as a reference, in the range of 200–

1000 nm and presented in Kubelka–Munk function F(R)-wavelength coordinates. 

 

2.3.3. Nitrogen adsorption 

Specific surface areas and pore size distribution determined by physisorption of nitrogen in 

a Tristar II 3020 Micromeritics equipment. Prior to surface area measurements, the samples were 

treated in vacuum (0.05 mbar) at 623 K for 12 hours. 
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2.3.4. Transmission electron microscopy 

Transmission electron microscopy (TEM) studies were carried out on a JEOL JEM-2010 

electron microscope operated at 200 kV and giving an information limit of 0.14 nm. Before the 

TEM measurements, the samples were dispersed in isopropanol and dropped on a copper grid 

coated with a carbon film. To estimate the value of the mean diameter of the Au nanoparticles more 

than 250 particles were chosen. The mean diameter (dm) of particles was calculated using the 

following equation: 





i
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m x

dx
d

)(
, where xi is the number of particles with diameter di. 

 

2.3.5. X-ray photoelectron spectroscopy (XPS) 

Photoelectron spectra were recorded using SPECS spectrometer with PHOIBOS-150 

hemispherical energy analyzer and MgK irradiation (h = 1253.6 eV, 100 W). Binding energy 

scale was preliminarily calibrated by the position of the peaks of Au4f7/2 (84.0 eV) and Cu2p3/2 

(932.67 eV) core levels. For recording the spectra, the samples were supported to a conductive 

scotch tape. The binding energy of peaks was corrected to take into account the sample charging by 

referencing to the Al2p (74.5 eV) (internal standard). This reference was applied since the 

spectrometer was equipped with turbomolecular pumps, and calibration on the basis of the position 

of C1s core level, typically used in the case of vacuum systems with diffusion pumps, was difficult. 

The ratio of surface atomic concentrations of the elements was calculated from the integral 

intensities of photoelectron peaks corrected by corresponding atomic sensitivity factors. In addition 

to the conventional survey of photoelectron spectra, more narrow spectral regions Al2p, Au4f, Al2s, 

C1s, and O1s have been recorded. For the survey spectra the pass energy of the analyzer was 50 eV, 

while for the narrow spectral regions the pass energy was 10 eV. 

The electronic state of gold species was also studied with Kratos AXIS 165 photoelectron 

spectrometer using monochromatic AlKα radiation (hv=1486.58 eV) and fixed analyzer pass energy 

of 20 eV. All measured binding energies (BE) were referred to the C1s line of adventitious carbon 
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at 284.8 eV. The spectra fitting was done using Shirley background estimation over the energy 

range of the fit.  

 

2.3.6. Temperature programmed oxidation 

Analysis of organic deposits formed on the catalyst surface due to the side reactions was 

carried out in a lab made set-up including a flow reactor, quadrupole HP-20 mass-spectrometer 

(Hiden) with gas sampling at atmospheric pressure and AvaSpec-2048-USB2 UV-Vis spectrometer 

(Avantes) equipped with a reflectance fiber probe for high temperature measurements. The 

temperature programmed oxidation (TPO) with recording of UV-Vis spectra in situ (every 

15 seconds) and in-line mass-spectrometric analysis of oxygen consumption and products formation 

was studied over a sample of Au/Al2O3 catalyst (0.2 g) in a flow of a gas mixture containing 

5 vol. % O2 and 5 vol. % Ar (rest He) under heating up to 800 K with a ramp 20K/min. A reactor 

filled with MgO was used as a reference sample for UV-Vis spectra recording. UV-Vis spectra were 

obtained by subtraction of the initial spectrum recorded at room temperature from others measured 

at elevated temperatures. 

 

2.3.7. X-ray diffraction 

X-ray diffraction (XRD) analysis of studied samples was carried out with a Philips X’pert 

diffractometer equipped with a curved graphite monochromator applying Cu K  (λ = 0.154 nm) 

radiation. In order to identify the crystal phases, the diffractograms obtained were compared with 

the features presented in JCPDS-ICCD (Joint Committee on Powder Diffraction Standards 

International-Centre for Diffraction Data (2000)). 
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2.4. Experimental setup 

2.4.1. Continuous mode 

Vapour-phase isomerization of α-pinene was carried out under continuous flow conditions at 

atmospheric pressure using a solution of α-pinene in n-octane of the determined concentration as 

the initial reaction mixture and H2 or N2 as a carrier gas. A catalyst sample (0.2 g) was placed in a 

U-shaped glass tubular reactor of 4 mm i.d. equipped with a thermocouple which was fixed in the 

middle of the catalyst bed outside the reactor tube. The carrier gas was passed through the catalyst 

bed at the desired space velocity and the temperature was raised up to 463–483 K. Then α-pinene 

solution in n-octane was supplied via a heated pre-chamber of U-reactor to be vapourized and 

mixed with the carrier gas before passing to the catalyst bed. The catalyst was pre-activated in-situ 

by heating under hydrogen flow at 473 K for 1h.  

 

2.4.2. Batch mode 

The reactions of liquid-phase myrtenol amination and carvone hydrogenation were carried out 

in a stainless steel reactor (150 ml), equipped with an electromagnetic stirrer (1100 rpm) and the 

sampling system.  

The one-pot myrtenol amination was performed by using a mixture of myrtenol (1 mmol), 

aniline (1 mmol) and the Au catalysts (92 mg, Au 1.4 mol. % to substrate) in toluene (10 ml) at 

453 K under N2 atmosphere (9 atm).  

In the case of competitive hydrogenation of different functional groups, the solution of the 

substrate (10 mmol) in the corresponding solvent (36 ml) and Au/TiO2 catalyst (336 mg, 

Au 0.3 mol. % to substrate) was used as the initial mixture. The experiments were conducted at 

373 K under H2 atmosphere (9 bar). 

In both cases, at appropriate time intervals, aliquots were withdrawn form the reactor and 

analyzed by gas chromatography. 
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2.5. Product analysis 

Generally, the reaction products were analyzed by gas chromatography using different 

columns and appropriate conditions of analysis. The products were confirmed by analysis with gas 

chromatograph-mass spectrometer (Agilent Technologies 7000 GC/MS Triple Quad, HP-5MS 

column) and NMR in some cases as well. 

 

2.5.1. α-Pinene isomerization 

The concentrations of reaction components in the reaction mixture were analyzed by a gas 

chromatograph («Tzvet-500») equipped with a flame-ionization detector and a capillary Carbowax-

20M column (50 m/0.2 mm/0.5 μm) at 393 K. The temperature of the detector and evaporator was 

473 K.  

 

2.5.2. One-pot myrtenol amination 

The reaction mixture was analyzed by using a SLB-5ms column (length 30 m, inner 

diameter 0.25 mm and film thickness 0.25 μm) and flame ionization detector operating at 573 K. 

The initial temperature of column was 323 K for 15 min and the temperature was increased at a rate 

9 K/min to 553 К. The temperature of the evaporator was 573 K. 

1H- and 13C-NMR spectra: Bruker DRX-500 spectrometer (500.13 MHz (1H) and 

125.76 MHz (13C)) in the CDCl3 solutions of the substances; chemical shifts  in ppm rel. to 

residual chloroform [(H) 7.24, (C) 76.90 ppm], J in Hz. The structure of the compounds was 

elucidated by analyzing the NMR spectra of 1H and 13C with the attraction of the spectra of the dual 

resonance of 1H – 1H, two-dimensional spectra of the heteronuclear of 13C – 1H of correlation on the 

straight constants of spin-spin interaction (C – H COSY, 1JC,H 160 Hz). The signal multiplicity in 

the 13C NMR spectra was determined from the J modulation (JMOD).  
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Elemental composition was determined by mass spectra data recorded on a DFS Thermo 

Scientific spectrometer in full scanning mode in the range 0-500 m/z, ionization by electron impact 

70 eV with direct insertion of the sample. 

 

2.5.3. Carvone hydrogenation  

The reaction mixture was analyzed by gas chromatograph («Tzvet-500») equipped with a 

Carbowax-20M column (length 50 m, inner diameter 0.2 mm and film thickness 0.5 μm) at 433 K 

and a flame ionization detector operating at 523 K. The temperature of the evaporator was 493 K. 

1H-NMR spectra were recorded by Bruker AV-400 spectrometer (400.13 MHz (1H)) in the CDCl3 

solutions of the reaction mixture. The chemical shifts of the cis- and trans-dihydrocarvones were 

determined in accordance with ref. [77].  
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3. Results and Discussion 

3.1. Selective α-pinene isomerization to camphene [I, II] 

3.1.1. Effect of catalyst support and thermal treatment 

First in order to study the general regularities of α-pinene isomerization over gold catalysts, 

the gold catalysts with ca. 2% wt. Au over different supports including ceria, carbon composite 

material Sibunit, alumina as well as alumina modified by lanthanide oxides were examined.  

As mentioned above, α-pinene isomerization has been actively studied mainly in the 

presence of heterogeneous catalysts such as zeolites [14-20], activated carbon [21], clays [13, 22], 

ion exchange resins [23] and silica supported rare earth oxides [24]. Thus, in the case of metal 

supported catalysts it is important to estimate the catalytic activity of the support per se as well as 

determine its role in the reaction. In our work, special attention was given to investigation of the 

activity of both the active metal, namely gold, and the 

support.  

Basic supports СеО2 and γ-Al2O3 modified by 

basic type lanthanide were not active per se in the 

reaction. Gold supported on these oxides showed a high 

α-pinene conversion and a high selectivity to camphene 

(Figure 1), but rapid deactivation was observed in the 

presence of these catalysts.  

At the same time, carbon composite material 

Sibunit and γ-alumina per se, which contains the acid 

surface sites, catalyzed α-pinene isomerization 

(Figure 2). However, camphene formation was not 

selective and a significant amount of limonene was also 

observed. After neutralization of acid sites by alkaline treatment Sibunit (C/NaOH in Figure 2a) as 

well as γ-Al2O3 (-Al2O3/NaOH in Figure 2b) become inactive. The Au/-Al2O3 and Au/C catalysts 
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Figure 1. Catalytic activity of CeO2 (1); 

Al2O3/La2O3 (2); Au/CeO2 (3); 

Au/Al2O3/LnOx (4); Au/Al2O3/La2O3 

(5) in α-pinene isomerization. Reaction 

conditions: T = 473 K, 

α-pinene concentration in n-octane 

0.4 vol. %, τ = 0.33 s. 

Results and Discussion 

 17

on modified supports exhibited high activity, with camphene and p-cymene being the main 

products. Among the catalysts investigated, the highest conversion and selectivity were achieved 

over Au/-Al2O3 catalyst. Compared to conventional α-pinene –to- camphene transformations over 

acid-hydrated TiO2, resulting in camphene yields from 35% to 50%, gold on alumina was found to 

afford α-pinene isomerization conversion up to 99.9% and selectivity 60-80%. Generally speaking, 

the high activity of heterogeneous gold catalysts in Wagner-Meerwein rearrangement reactions, 

such as α-pinene isomerization to camphene was demonstrated for the first time in the open 

literature. 

In order to confirm the role of gold nanoparticles in α-pinene transformation as well as to 

avoid possibility of support modification during the catalyst preparation, a blank experiment was 

performed in the presence of -Al2O3 lacking gold but subjected to the same kind of chemical and 

thermal treatment that was used at different stages of the gold catalyst preparation (except that a 

solution of 0.01M HCl was taken instead of HAuCl4 solution for -alumina impregnation). As a 

result, only very low conversion (2.7%) was observed with a wide product distribution in which 

camphene and limonene were the main products. The data obtained suggested that gold as such 

plays the key role in the α-pinene transformation to camphene.  
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Figure 2. Catalytic activity of carbon composite material Sibunit (a) and γ-alumina supported (b) 

gold catalysts and supports per se in α-pinene isomerization. Reaction conditions: T = 473 K,  

α-pinene concentration in n-octane 0.4 vol. %, τ = 0.33 s. 
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For Au/γ-Al2O3 the effect of thermal treatment on the catalytic activity was also studied. 

The conditions of the catalyst treatment are presented in the Table 1. Despite the high treatment 

temperature gold particle sizes did not change significantly, while a treatment of  

Au/γ-Al2O3 under oxidizing conditions besides reducing atmosphere led to an increase in the ratio 

between the main reaction products, camphene and p-cymene. At the same time, the most stable 

catalyst was the sample exposed to thermal treatment first under reducing atmosphere for 4 hours at 

673 K and then under oxidizing atmosphere for 4 hours at 673 K.  

 

Table 1. Effect of Au/γ-Al2O3 catalyst thermal treatment on the ratio of camphene and p-cymene. 

Sample Temperature, K Duration, h Atmosphere Scamphene/Sp-cymene dAu, nm 

1 673 4 Н2 3.8 2.7±0.6 

2 673 
4 

4 

Н2 

O2 
7.9 3.1±0.7 

3 
673 

873 

4 

4 

Н2 

O2 
7.3 3.9±0.9 

4 
673 

873 

4 

21 

Н2 

O2 
7.4 3.9±0.9 

 

The study of the reaction mechanism was not the main focus of this work. However, to 

explain the outstanding activity of the Au/γ-Al2O3 catalyst in α-pinene isomerization to camphene, 

the following reaction mechanism based on kinetic observations as well as the literature data [15, 

78] can be proposed. In the isomerization of α-pinene, the activity was shown to be strongly 

associated with the catalyst acidity, in particular it is supposed that the type of the active sites 

(Brønsted or Lewis) and their strength affect the selectivity to bicyclic and monocyclic products 

[78]. Taking into account that cationic gold(I) complexes have recently evolved as excellent Lewis 

acid catalysts for various Wagner-Meerwein shifts such as the ring expansion of cyclopropanols to 

the corresponding cyclobutanones [25, 26], participation of Au+ species in the catalytic cycle of  

α-pinene isomerization over the Au/Al2O3 catalyst can be hypothesized. Thus, α-pinene was 

proposed to coordinate on Lewis acid sites (Au+) through the electron-rich double bond.  
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The molecule is oriented in a way, that the gem dimethyl groups are 

positioned away from the surface (Figure 3) and the double bond is 

then protonated since the support possesses Brønsted acidity. Such 

interactions with the surface favor the formation of camphene. In 

the absence of Lewis sites, α-pinene orients differently and can 

reach the surface with gem dimethyl groups and protonation of four 

member ring gives preferably limonene or p-cymene. 

 

3.1.2. Reaction kinetics 

A study of the effect of the support as well as of the thermal treatment allowed us to choose 

an optimum Au/γ-Al2O3 system for further investigations of kinetic regularities. The effects of 

temperature, residence time and initial α-pinene concentration on the  

α-pinene conversion and selectivity to camphene were studied over the Au/γ-Al2O3 catalyst. 

The impact of internal diffusion was determined through evaluation of the catalyst 

effectiveness factor for spherical particles: 












 1
tanh

13
ef            (1) 

If ef 1, the diffusion restriction is negligible. Parameter   is Thiele modulus given: 

efD
kR             (2) 

where R = 1.7510-4 m is the mean radius of the catalyst particles (200-500 μm) and the rate 

constant of the first order reaction k = 4.75 s-1 was found from the experimental data. Effective 

diffusion coefficient of α-pinene Def in hydrogen is defined as 

DDef  , where D is the combined 

the molecular diffusivity and the Knudsen diffusivity calculated according to Bosanquet equation:  
1

kmol D
1

D
1D













           (3) 

 

Figure 3. Proposed scheme 

for α-pinene adsorption on 

gold catalysts. 



Results and Discussion 

 18

For Au/γ-Al2O3 the effect of thermal treatment on the catalytic activity was also studied. 

The conditions of the catalyst treatment are presented in the Table 1. Despite the high treatment 

temperature gold particle sizes did not change significantly, while a treatment of  

Au/γ-Al2O3 under oxidizing conditions besides reducing atmosphere led to an increase in the ratio 

between the main reaction products, camphene and p-cymene. At the same time, the most stable 

catalyst was the sample exposed to thermal treatment first under reducing atmosphere for 4 hours at 

673 K and then under oxidizing atmosphere for 4 hours at 673 K.  

 

Table 1. Effect of Au/γ-Al2O3 catalyst thermal treatment on the ratio of camphene and p-cymene. 

Sample Temperature, K Duration, h Atmosphere Scamphene/Sp-cymene dAu, nm 

1 673 4 Н2 3.8 2.7±0.6 

2 673 
4 

4 

Н2 

O2 
7.9 3.1±0.7 

3 
673 

873 

4 

4 

Н2 

O2 
7.3 3.9±0.9 

4 
673 

873 

4 

21 

Н2 

O2 
7.4 3.9±0.9 

 

The study of the reaction mechanism was not the main focus of this work. However, to 

explain the outstanding activity of the Au/γ-Al2O3 catalyst in α-pinene isomerization to camphene, 

the following reaction mechanism based on kinetic observations as well as the literature data [15, 

78] can be proposed. In the isomerization of α-pinene, the activity was shown to be strongly 

associated with the catalyst acidity, in particular it is supposed that the type of the active sites 

(Brønsted or Lewis) and their strength affect the selectivity to bicyclic and monocyclic products 

[78]. Taking into account that cationic gold(I) complexes have recently evolved as excellent Lewis 

acid catalysts for various Wagner-Meerwein shifts such as the ring expansion of cyclopropanols to 

the corresponding cyclobutanones [25, 26], participation of Au+ species in the catalytic cycle of  

α-pinene isomerization over the Au/Al2O3 catalyst can be hypothesized. Thus, α-pinene was 

proposed to coordinate on Lewis acid sites (Au+) through the electron-rich double bond.  
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The ratio between catalyst porosity () and tortuosity () was taken as 0.1. The molecular 

diffusion coefficient for hydrogen and α-pinene in the vapour phase was calculated according to 

Chapman-Enskog equation for binary gas diffusivities: 
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In equation (4), T is temperature (K), MA and MB are molar masses of hydrogen and α-

pinene molecules (g/mol) respectively, p is total pressure (atm), σAB (Å) is the collision diameter for 

pair hydrogen and α-pinene; ΩAB is a collision integral (dimensionless) that is a function of kBT/εAB, 

where εAB (J) is Lennard-Jones parameter and kB (1.38·10-23 J/K) is the Bolzmann constant.  

The collision diameter σAB for pair hydrogen and α-pinene, was calculated by the following 

equation, 

)( BAAB 
2
1            (5) 

while the collision integral depends on the constant εAB, which was calculated for a binary system 

from 

BAAB              (6) 

The Knudsen diffusivity was calculated by 

M
RTrDk 


8

3
2            (7) 

 where r, R, T, and M are respectively pore radius, ideal gas law constant, temperature, and molar 

mass of gas molecules. 

The pore radius in the case of cylindrical pores can be calculated from the total pore volume 

Vp= 0.69·10-6 m3/g and the total surface area S= 268 m2/g.  
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Hence eq.8 takes the form 
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Finally estimation of the effectiveness factor under reaction conditions gave a value 0.91, 

which is close to unity, indicating that α-pinene diffusion inside the catalyst pores does not affect 

the reaction rate notably.  

An isomerization reaction for α-pinene conversion catalyzed by Au/γ-Al2O3 is similar to that 

catalyzed by conventional acid catalysts (Scheme 4). The main product of vapour-phase α-pinene 

isomerization is camphene, but also minor components tricyclene, p-cymene and limonene were 

obtained during the reaction. The selectivity to these products as a function of α-pinene conversion 

seems to be rather constant in the reaction temperature range studied 463-483 K [I, II]. 

Consequently, the reaction products are formed in parallel pathways. Activation energies for their 

formation are approximately the same, and the difference in the rate constants is probably due to the 

difference in the activation entropy of the products formation. The key intermediate in the α-pinene 

isomerization seems to be the pinylcarbonium ion, which is formed from α-pinene and is the 

precursor for all of the reaction products, produced in turn in subsequent steps. Camphene and 

tricyclene are formed from the bornylcarbonium ion in parallel steps, while limonene and p-cymene 

originate from the terpenylcarbonium ion also in parallel steps (Scheme 4).  

The effect of residence time on the α-pinene isomerization over Au/γ-Al2O3 was studied at 

different temperatures 463, 473 and 483 K during the initial period of the reaction to avoid the 

influence of Au/γ-Al2O3 catalyst deactivation on α-pinene conversion with time-on-stream. To 

facilitate a comparison between experiments with different initial α-pinene concentrations the 

analyzed samples of reaction products were withdrawn when approximately the same amount of  

α-pinene passed through the catalyst bed (e.g. for higher α-pinene concentration the initial period 

was lower) in order to assure that the sampling times corresponded to approximately the same 

extent of deactivation. Figure 4a displays α-pinene conversion measured during the initial period of 

testing versus residence time  for three different reaction temperatures. 
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Scheme 4.  Scheme of α-pinene isomerization catalyzed by acid catalysts. 

 

The experimental dependence of the α-pinene conversion on the residence time is well 

described by the following equation:  

X = 1 – e-kτ            (10) 

This indicates that the reaction is of the first-order with respect to α-pinene (Figure 4a). The 

apparent activation energy calculated from these data is 51 kJ/mol (with 95% confidence limits), 

which is in a good agreement with that for TiO2 catalyst (Figure 4b) [79]. It should be noted that 

during all tests, the carbon balance between the feed and outlet stream was within 100  5%.  

However, the increase of the α-pinene concentration in the initial mixture from 0.4 to 

20.0 vol. % was observed to result in the strong catalyst deactivation [II]. Thereby, taking into 

account the high potential of this catalyst from an industrial viewpoint, a special attention in our 

work was given to investigation of the deactivation process.  
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Figure 4. (a) Dependence of -pinene conversion on residence time over 2.2 wt. % Au/γ-Al2O3 at 

different temperatures (symbols - experiments; line - calculated). (b) Arrhenius plot of rate constant 

(k, s-1) of α-pinene isomerization. Reaction conditions: T = 463-483 K,  

α-pinene concentration in n-octane 20.0 vol. %. 

 

3.1.3. Catalyst deactivation and regeneration 

According to nitrogen physisorption, both the catalyst specific surface area and the total 

pore volume decreased during the reaction. A detailed study of the spent Au/γ-Al2O3 catalyst by 

TPO with simultaneous recording of UV-Vis spectra in situ showed that deactivation is caused by 

hydrocarbons adsorption on gold species [II]. The obtained data are presented in Figure 5 (a, b). 

The first peak of water desorbed at 300-500 K is similar to that obtained on the fresh Au/Al2O3 

catalyst (data not shown) and is caused by water removal from the sample being pre-exposed to air. 

Contrary to the fresh catalyst, desorption of water started at 308 K on the spent Au/Al2O3 catalyst 

resulting in the appearance of a band at 255 nm, which could be assigned to the metal- to-ligand 

charge transfer [80] in an organic compound adsorbed on gold species during the reaction. A 

maximum intensity was achieved at 519 K, while a further temperature increase leads to an 

intensity decrease due to this compound oxidation accompanied with oxygen consumption and 

desorption of water, CO and CO2. The relative content of desorbed products was in a good 

correspondence with the stoichiometry of C10H16 (α-pinene or other reaction compounds) oxidation. 
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As oxidation proceeds, the new band at 860 nm rises. This band is similar to the one found for 

metallic gold nanoparticles being in contact with oxygen-rich media [75]. Therefore, it could be 

concluded that partial oxidation of the organic deposit at 519-703 K results in the formation of 

oxygen containing deposit adsorbed on gold nanoparticles. The sample heating at higher 

temperatures provokes further oxidation of this intermediate which was indicated by the appearance 

of a new peak in the oxygen consumption profile and a new narrow peak of CO2 desorption as well 

as by decrease of the band intensity at 860 nm. The oxidation of organic deposit was almost 

completed at 800 K. 

 

a 

 

b 

Figure 5. Profiles of oxygen consumption and product formation (a) and UV-Vis spectra in-situ (b) 

under temperature programmed oxidation of the spent Au/Al2O3 catalyst.  

 

According to TEM, the size of gold nanoparticles was not changed noticeably during the  

α-pinene isomerization and TPO as well. The high sintering stability of the Au/Al2O3 catalyst used 

in this work provides a possibility of restoring its activity in -pinene isomerization by burning the 

hydrocarbon deposits on the catalyst surface at temperature 800 K. 

Au/-Al2O3 regeneration by coke burning was performed in oxygen for 1 h at 323 K and 

thereafter for 1 h at the temperature range of 323-873 K (ramping 10°/min). After this procedure, 

the catalyst was tested successively in two cycles. Regenerated Au/-Al2O3 at first exhibited 
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conversion of α-pinene in the range of 98-100% and selectivity to camphene 83% demonstrating 

complete catalyst regeneration at 473 K and α-pinene concentration 0.4 vol. % (τ = 0.33 s). In 

addition, the catalysts have shown the same activity during the reaction at 473 K and α-pinene 

concentration 4.0 vol. % (τ = 0.33 s). In this connection, the important issue is to predict the catalyst 

life time under current reaction conditions and the time required for catalyst regeneration. 

The dynamics of catalyst deactivation during α-pinene isomerization was described based on 

the so-called “separable” deactivation model assumption [II]. According to this approach, the 

reaction rate under catalyst deactivation can be divided into two functions, one depends only on the 

main reaction kinetics, while another one (a(Co,t)) is determined by deactivation steps. Finally, for 

predicting of the α-pinene conversion (X) at the different temperature and concentration the 

following expression is obtained: 

X = 1 – e-k·a·τ            (11) 

where k is the rate constant,  is the residence time, a(Co, t) is the empirical expression, also called 

relative activity or function of deactivation, which in our case depends on initial α-pinene 

concentration and time-on-stream. 

On the basis of experimental observations the deactivation function a was shown to be well 

described by a hyperbolic function and the following expression [II]:  

t)(CK
 a 

ot 


1
1            (12) 

where Kt (Co) is deactivation parameter (min-1), which depends on  the initial concentration of  

α-pinene.  

The developed kinetic model described well the experimental data for the α-pinene 

transformations on the Au/Al2O3 catalyst during the initial period of reaction as well as the 

dynamics of the catalyst deactivation. The parameter of the deactivation dependence on α-pinene 

concentration is well described by a parabolic function 2
ot BCK  . 
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Moreover, in order to explain equation (12) from a mechanistic viewpoint the catalyst 

deactivation model taking into account deposits formation due to the interactions of two adsorbed 

α-pinene molecules was proposed [II]: 

 

 

where * is the surface site. From this scheme, an expression for the coverage of the deposit is valid 

by assuming Langmuir adsorption for -pinene:  
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where dk  is the deactivation constant, θ* is vacant sites. 

Since the reaction is first order in α-pinene, it in essence means that the coverage of  

α-pinene is very low compared to the fraction of available (vacant) sites, e.g. depositZ   1  and 

CK p1 giving a possibility to transform eq. (13) into 
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Defining the relative activity as the fraction of sites not occupied by deposit )1( deposita   

one gets 
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which after integration with the boundary conditions (t=0, a=1) results in 
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Eq. (16) provides a mechanistic explanation for utilization of deactivation function in eq. 

(12) and parabolic expression for the lumped constant Kt, which is defined as 

222
opdot CKkBCK  . 
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3.2. One-pot myrtenol amination [III, IV] 

3.2.1. Effect of catalyst support and redox activation 

The regularities of one-pot natural myrtenol amination in the presence of gold containing 

catalysts were studied with the general idea to systematically obtain the knowledge about the key 

parameters determining the catalyst performance including the investigation of the support nature 

and the catalyst redox activation effect.  

First in order to study the role of the support in this reaction, a series of pre-oxidized gold 

catalysts supported on different metal oxides were examined for myrtenol amination with aniline 

using equimolar amounts of substrates under nitrogen pressure. 

During myrtenol animation with aniline besides expected products, myrtenal and its 

imine (1) and amine (2), additionally the formation of myrtanol as well as myrtanal with saturated 

C-C bond and the corresponding imine (3) and amine (4) took place (Scheme 5).  

 
Scheme 5. Myrtenol amination with aniline on Au catalysts. 

 

The product distribution during the reaction was found to strongly depend on the type of 

supports [III]. A nearly complete conversion of myrtenol was attained only in the presence of 
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Au/ZrO2 and Au/Al2O3 catalysts (Figure 6). Gold supported on ceria, magnesia and lanthana 

showed a relatively high alcohol conversion only after 16 h, implying that the reaction rates were 

low. In general, gold catalysts on these basic metal oxides exhibited a very slow formation of the 

corresponding imine (1) without significant hydrogen transfer accompanied by the accumulation of 

significant amounts of myrtenal during the reaction. 

In comparison with other catalysts, Au/ZrO2 was observed to exhibit better selectivity to the 

corresponding amine (2) at the same myrtenol conversion (74%) with the selectivity to the target 

product (2) increasing up to 52% after 16 h. However, the reuse of the Au/ZrO2 catalyst after the 

first reaction run led to a profound decline in activity. A detailed investigation of the catalyst 

deactivation was performed while studying the reaction kinetics. 
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Figure 6. Myrtenol amination in the presence of pre-oxidized gold supported on the ZrO2, Al2O3, 

CeO2, La2O3 and MgO. (a) The myrtenol conversion, (b) the products selectivity at the same value 

of myrtenol conversion (74 %). The reaction conditions: T = 453 K, myrtenol 1 mmol, aniline 

1 mmol, toluene 10 ml, catalyst 1.4 mol. % Au. R = aniline. 

 

At the same time, the myrtenol amination over the supports per se of more active catalysts, 

ZrO2 and Al2O3, resulted in the formation of the corresponding imine (1) only and the myrtenol 

conversion about 30-40% after 7 h. 
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3.2. One-pot myrtenol amination [III, IV] 

3.2.1. Effect of catalyst support and redox activation 

The regularities of one-pot natural myrtenol amination in the presence of gold containing 

catalysts were studied with the general idea to systematically obtain the knowledge about the key 

parameters determining the catalyst performance including the investigation of the support nature 

and the catalyst redox activation effect.  

First in order to study the role of the support in this reaction, a series of pre-oxidized gold 

catalysts supported on different metal oxides were examined for myrtenol amination with aniline 

using equimolar amounts of substrates under nitrogen pressure. 

During myrtenol animation with aniline besides expected products, myrtenal and its 

imine (1) and amine (2), additionally the formation of myrtanol as well as myrtanal with saturated 

C-C bond and the corresponding imine (3) and amine (4) took place (Scheme 5).  

 
Scheme 5. Myrtenol amination with aniline on Au catalysts. 

 

The product distribution during the reaction was found to strongly depend on the type of 

supports [III]. A nearly complete conversion of myrtenol was attained only in the presence of 
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The data obtained for the myrtenol conversion are in a good agreement with the results 

previously reported by Ishida et al. for the amination of benzyl alcohol over Au supported on the 

same metal oxides [40]. A direct correlation between the electronegativity of metal ions in metal 

oxide supports, which determines their acid-base properties, and the alcohol conversion as well as 

selectivity to the target amine was obtained (Figure 7).  
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Figure 7. Correlation between myrtenol conversion (■) and selectivity to secondary amine (▲) and 

electronegativity of metal ions in metal oxide supports. The reaction conditions: T = 453 K, 

myrtenal 1 mmol, aniline 1 mmol, toluene 10 ml, pre-oxidized catalyst 1.4 mol. % Au. 

 

Thus, the catalyst activity and product distribution are strongly dependent on the support 

nature, which seems to be related to the acid-base properties of the metal oxides. The highest 

activity in one-pot myrtenol amination among the catalysts investigated was obtained over Au/ZrO2 

with both acidic and basic surface sites. The initial alcohol activation was confirmed to require the 

presence of basic sites on metal oxide surfaces. At the same time, the availability of protonic groups 

on the support surface was suggested to be necessary in hydrogen transfer. 

The regularities obtained for myrtenol amination are consistent with a plausible reaction 

mechanism for alcohol amination presented in ref. [40, 81] (Figure 8). The first step of the alcohol 

deprotonation is promoted at the basic sites of the support to give an alkoxide intermediate on the 

support surface with the consecutive β-hydride elimination catalyzed by gold to form the carbonyl 
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compound. The adsorbed aldehyde and amine interact to form hemiaminal, which then undergoes 

an attack by the hydride ion from Au nanoparticles and proton from the support surface resulting in 

the production of the final product. Meanwhile, the aldehyde can be desorbed into the solution 

giving the imine. The imine formation can be also a result of the direct hemiaminal conversion.  

Non-catalytic interactions between myrtenal and aniline were experimentally confirmed, although 

in the presence of the Au/ZrO2 catalyst, the reaction rate significantly increases probably due to the 

substrates localization or water released sorption on the catalyst surface [III]. 

 
Figure 8. Proposed reaction mechanism for alcohol amination.  

 

Thus, the support nature profoundly affects the catalytic activity and the product 

composition in the one-pot myrtenol amination. According to the data obtained, a certain balance 

between different sites, such as in the Au/ZrO2 catalyst, is required for an efficient alcohol 

amination.  

Catalyst treatment can also have an influence on the support and on the Au species taking 

part in the reaction, and consequently, affecting the activity and selectivity. 

Therefore, a series of pre-reduced catalysts on the same metal oxides were tested. Generally, 

in the case of pre-reduced catalysts, despite the increase in the reaction rate for some catalysts, the 

decrease in the selectivity to the target amine was observed. According to XPS data, this is likely to 
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compound. The adsorbed aldehyde and amine interact to form hemiaminal, which then undergoes 

an attack by the hydride ion from Au nanoparticles and proton from the support surface resulting in 

the production of the final product. Meanwhile, the aldehyde can be desorbed into the solution 

giving the imine. The imine formation can be also a result of the direct hemiaminal conversion.  

Non-catalytic interactions between myrtenal and aniline were experimentally confirmed, although 

in the presence of the Au/ZrO2 catalyst, the reaction rate significantly increases probably due to the 

substrates localization or water released sorption on the catalyst surface [III]. 

 
Figure 8. Proposed reaction mechanism for alcohol amination.  

 

Thus, the support nature profoundly affects the catalytic activity and the product 

composition in the one-pot myrtenol amination. According to the data obtained, a certain balance 

between different sites, such as in the Au/ZrO2 catalyst, is required for an efficient alcohol 
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be connected to the decrease in the fraction of cationic gold species required for efficient hydrogen 

transfer.  

3.2.2. Reaction kinetics 

Since the one-pot amination is a complicated process including three consequence steps, a 

special attention in this part of the work was given to the investigation of its kinetics with the 

further development of the kinetic model to predict the catalyst performance in terms of stability as 

well as activity. Despite higher activity and selectivity to the target amine of the  

pre-oxidized zirconium-supported gold catalyst in comparison to the pre-reduced one, a less active 

catalytic system was used to provide correct data fitting and to model the process kinetics. In the 

presence of the pre-oxidized catalyst, only traces of myrtenal were observed during the reaction, 

which hinders a more complete kinetic analysis. The developed model is a very generic one and can 

be used for a number of hydrogen borrowing reactions. 

In order to verify the absence of internal diffusion limitations the Weisz-Prater criterion was 

used [82]. For the maximal initial alcohol dehydrogenation rate (5·10-5 mol·l-1·s-1) obtained for the 

Au/ZrO2 catalyst the estimated Weisz-Prater modulus was amounted to Φ=0.0003, which indicates 

that the substrate diffusion inside the catalyst pores does not affect the reaction rate. The impact of 

external diffusion resistance was suppressed by conducting experiments at the stirring speed of 

1100 rpm, which is proved to be efficient enough to avoid external mass transfer limitations. 

The one-pot myrtenol amination over Au/ZrO2 catalyst were studied in detail during the 

development of the kinetic model [IV].  

As it was mentioned above, catalyst deactivation was shown to occur. In order to explore the 

catalyst deactivation in more detail and to verify the cause of deactivation, additional experiments 

were performed. First to exclude the leaching of the active metal as well as the influence of 

homogeneous catalysis, leaching analysis by hot filtration was performed in two consecutive 

experiments. As a result, no signs of leaching of the active component were found. According to 

ICP-AES, the gold content in the spent catalyst was the same as in the fresh one within the 
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experimental uncertainty. Moreover, no gold was observed in the solution. In the next step, a series 

of consecutive experiments, described in detail in [IV], allowed us to unequivocally conclude that 

the second step of the one-pot myrtenol amination with aniline and most likely imine 

oligomerization or polymerization results in deactivation of the active sites.  

Thus, based on the data obtained for myrtenol amination over the Au/ZrO2 catalyst and the 

literature data the reaction mechanism based on elementary steps was proposed (Scheme 6). It 

should be noted that the concept of competitive adsorption was used, assuming quasi-equilibria in 

the component adsorption. The catalyst deactivation and the non-catalytic reaction were taken into 

account in this kinetic model, along with the main reaction routes. 

Scheme 6 

Elementary step Constant 
Basic routes 

1 2 3 4 

1 Z + A ≡ ZA K1 1 0 1 0 

2 ZA + Z → ZB + ZH2 k2 1 0 1 0 

3 Z + B ≡ ZB K3 -1 1 -1 0 

4 Z + H2 ≡ ZH2 K4 -1 0 0 0 

5 ZB + ZE ↔ ZC' + Z 
k+5 → 
k-5 ← 

0 1 0 0 

6 C + Z + H2O ≡ ZC' K6 0 -1 1 0 

7 Z + E ≡ ZE K7 0 1 0 0 

8 ZC' + ZH2 ↔ ZD + Z + H2O 
k+8 → 
k-8 ← 

0 0 1 0 

9 Z + D ≡ ZD K9 0 0 -1 0 

10 Z+C≡ ZC K10 0 0 0 2 

11 2ZC→ deposits k11 0 0 0 1 

12 B + E ↔ C + H2O 
k+12→ 
k-12← 

Non-catalytic 

N1: A = B + H2;  N2: B + E = C + H2O;  

N3: A + C = B + D;  N4: 2C = deposits 
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Scheme 6 on the right hand side contains the stoichiometric numbers along the basic routes. 

Steps 5, 8 and 12 (non-catalytic one) are reversible, steps 2, 11 are irreversible and steps 1, 3, 4, 6, 

7, 9, 10 are quasi-equilibria. ZA, ZB, ZC', ZC, ZD and ZE represent adsorbed myrtenol, myrtenal, 

hemiaminal intermediate, imine (C), amine (D) and aniline, respectively. In the catalytic steps, Z 

denotes surface sites, and k and K are rate constants and equilibrium constants respectively. The 

number of basic routes was determined by using Horiuti-Temkin equation [82]. 

The basic routes N1 - N3 describe the transformations of the main reaction compounds, 

while N4 depicts the formation of deposits resulting in catalyst deactivation.  

The dependence of the coverage of the intermediates on the fraction of vacant sites can be 

obtained from the quasi-equilibrium approximation. Hence the coverage of the vacant sites (θZ) is 

determined by the following equation: 
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The catalyst deactivation during the reaction was proposed to be caused by a decrease of the 

total available sites fraction due to the formation of deposits. The impact can be taken into account 

by using the function depositsf  1 , where θdeposits is fraction of the catalyst sites occupied by 

deposits. 
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In order to verify whether the proposed mechanism can be applied for explaining the 

experimental data in a quantitative manner, parameter estimation through numerical data fitting was 

performed.  

The kinetic constants k in the rate equations were assumed to follow the modified Arrhenius 

dependence [82] 
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In the expression above, A, Ea, Rgas, T, and Tmean denote frequency factor, activation energy, 

the gas constant, reaction temperature, and mean temperature of the experiments, correspondingly. 

The validity of the model was determined by the closeness of the experimental data and the 

values predicted by the model. The nonlinear regression analysis is based on the minimization of an 

objective function (Q). The sum of residual squares is the most commonly used objective function  
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where cexp and cest denote the experimental and estimated data of the components, respectively. 
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The goodness of the fit is determined with the R2-coefficient. It compares the residuals 

given by the model to the residual of the model using the average of all data points. The idea is to 

compare the residuals c-cp given by the model to the residuals of the simplest model one may think 

of, the average value c  of all data points. The R2-value or degree of explanation is given by the 

expression 
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Hence R2 is typically <1. The closer the value is to unity, the more perfect is the fit.  

The system of differential equations (18)-(25) was solved numerically with the backward 

difference method by minimization of the sum of residual squares (SRS) with non-linear regression 

analysis using the Simplex and Levenberg-Marquardt optimization algorithms implemented in the 

software Modest [83].  

The values of the calculated frequency factors, equilibrium constants and activation energies 

(k0 and Ea), the estimated standard errors, as well as the estimated relative standard errors (in %) of 

the tested reaction mechanisms were determined [IV].  

Comparison between experimental and calculated data for different reaction temperature is 

presented in Figure 9, while the contour plots and sensitivity analysis of main parameters are 

presented in [IV]. As several parameters are calculated simultaneously, the solution was well 

identified with respect to some parameters, but rather badly identified with respect to some others. 

The calculated value of the activation energy for the first step of alcohol dehydrogenation is 

comparable with the activation energy (93.7 kJ/mol) of benzyl alcohol dehydrogenation on Au/TiO2 

[84]. 

The comparison in Figure 9 along with the value of R2 equal to 94.7% confirms the 

applicability of the proposed mechanism and equations (18)-(25) as well as the deactivation 

function to describe experimental data of the one-pot myrtenol amination over Au/ZrO2.  
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a 

 
b 

 
c 

Figure 9. Comparison between experimental data (markers) of concentrations vs time (s) and 

calculations (solid lines): (─) myrtenol, (─) myrtenal, (─) imine (C) and (─) amine (D). Reaction 

conditions: (a) T = 413 K, (b) T = 433 K and (c) T = 453 K, myrtenol 1 mmol, aniline 1 mmol, 

toluene 10 ml, catalyst 1.4 mol. % Au, nitrogen atmosphere.  
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The goodness of the fit is determined with the R2-coefficient. It compares the residuals 

given by the model to the residual of the model using the average of all data points. The idea is to 

compare the residuals c-cp given by the model to the residuals of the simplest model one may think 

of, the average value c  of all data points. The R2-value or degree of explanation is given by the 

expression 
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Hence R2 is typically <1. The closer the value is to unity, the more perfect is the fit.  

The system of differential equations (18)-(25) was solved numerically with the backward 

difference method by minimization of the sum of residual squares (SRS) with non-linear regression 

analysis using the Simplex and Levenberg-Marquardt optimization algorithms implemented in the 

software Modest [83].  

The values of the calculated frequency factors, equilibrium constants and activation energies 

(k0 and Ea), the estimated standard errors, as well as the estimated relative standard errors (in %) of 

the tested reaction mechanisms were determined [IV].  

Comparison between experimental and calculated data for different reaction temperature is 

presented in Figure 9, while the contour plots and sensitivity analysis of main parameters are 

presented in [IV]. As several parameters are calculated simultaneously, the solution was well 

identified with respect to some parameters, but rather badly identified with respect to some others. 

The calculated value of the activation energy for the first step of alcohol dehydrogenation is 

comparable with the activation energy (93.7 kJ/mol) of benzyl alcohol dehydrogenation on Au/TiO2 

[84]. 

The comparison in Figure 9 along with the value of R2 equal to 94.7% confirms the 

applicability of the proposed mechanism and equations (18)-(25) as well as the deactivation 

function to describe experimental data of the one-pot myrtenol amination over Au/ZrO2.  
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3.3. Selective carvone hydrogenation to dyhydrocarvone [V] 

3.3.1. Solvent effect 

Previous studies of gold-catalyzed α,β-unsaturated carbonyl compound hydrogenation have 

shown that the adsorption of the C=O group is favored by face atoms, while sites with low 

coordination strongly favor the activation of the C=C bond with its further hydrogenation [85, 86]. 

In the case of Au/TiO2, which was selected as a catalyst in this work, the rounded particle structure 

accompanied by high relative amount of low-coordinate surface sites was found [87]. Carvone 

hydrogenation was performed in this work in different solvents by using the Au/TiO2 catalyst with 

the Au particle size of 

ca. 2 nm. 

A series of C1-C3 protic 

solvents including methanol 

(MeOH), ethanol (EtOH) and 

2-propanol (2-PrOH) were 

used. The catalytic activity 

was shown to strongly 

depend on the solvent 

applied [V]. The carvone 

hydrogenation resulted 

mainly in cis-, trans-

dihydrocarvone formation, 

with trans-isomer being the main product in most cases (Scheme 7).  

Moreover, the solvent nature profoundly affected the cis-to-trans isomer ratio (Figure 10). 

According to the data obtained both catalytic activity and trans-/cis-dihydrocarvone ratio increased 

in the following order: 2-propanol<ethanol<methanol. Thus, the highest activity as well as trans-to-

cis- isomer ratio among the solvents applied for carvone hydrogenation were observed in the case of 

Scheme 7. Reaction pathways of carvone hydrogenation over 

Au/TiO2 catalyst. 
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methanol. The highest total selectivity to dihydrocarvone 62% was achieved at a nearly complete 

carvone conversion (90%) after 13 h. Further carvone hydrogenation was accompanied by 

increasing trans-to-cis-dihydrocarvone ratio along with an increasing impact of side reactions, such 

as the C=C double bond in dihydrocarvone hydrogenation to carvomenthone (Scheme 7). 
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Figure 10. Solvent effect on carvone conversion and trans-to-cis-dihydrocarvone ratio over 

Au/TiO2 catalyst. Reaction conditions: T = 373 K, p (H2) = 9 bar, (-)-carvone (10 mmol), solvent 

(36 ml), Au catalyst (336 mg, Au 0.3 mol. % to substrate). 

 

Two probable reasons for the increase of trans-to-cis -isomer ratio can be suggested. The 

first reason is predominant hydrogenation of the cis-isomer to carvomenthone while the second one 

is the isomerization of cis-dihydrocarvone to trans-dihydrocarvone. The activity of gold catalysts in 

cis-trans isomerization has recently been demonstrated for azobenzene [88]. In general, 

epimerization of cyclohexane derivatives is well-known and was reported in ref. [89-92]. In order to 

explain this observation as well as to clarify the reaction scheme, dihydrocarvone hydrogenation 

was performed over Au/TiO2 under similar reaction conditions. As a result, the same changes in the 

ratio between trans- and cis-dihydrocarvone for the same reaction time were obtained with the 

formation of small amounts of the carvomenthone. Thus, it can be supposed that the 

thermodynamically controlled isomerization of cis- to trans-dihydrocarvone is likely to occur with 
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Figure 10. Solvent effect on carvone conversion and trans-to-cis-dihydrocarvone ratio over 

Au/TiO2 catalyst. Reaction conditions: T = 373 K, p (H2) = 9 bar, (-)-carvone (10 mmol), solvent 

(36 ml), Au catalyst (336 mg, Au 0.3 mol. % to substrate). 

 

Two probable reasons for the increase of trans-to-cis -isomer ratio can be suggested. The 

first reason is predominant hydrogenation of the cis-isomer to carvomenthone while the second one 

is the isomerization of cis-dihydrocarvone to trans-dihydrocarvone. The activity of gold catalysts in 

cis-trans isomerization has recently been demonstrated for azobenzene [88]. In general, 

epimerization of cyclohexane derivatives is well-known and was reported in ref. [89-92]. In order to 

explain this observation as well as to clarify the reaction scheme, dihydrocarvone hydrogenation 

was performed over Au/TiO2 under similar reaction conditions. As a result, the same changes in the 

ratio between trans- and cis-dihydrocarvone for the same reaction time were obtained with the 

formation of small amounts of the carvomenthone. Thus, it can be supposed that the 

thermodynamically controlled isomerization of cis- to trans-dihydrocarvone is likely to occur with 



Results and Discussion 

 40

the further transformation of both isomers to carvomenthone. It is important to note that TiO2 per se 

was not active in both carvone hydrogenation and dihydrocarvone isomerization. 

In general the solvent effect can be related mainly to the specificity of the solvent 

interactions with reactants and the catalysts. Considering interactions between H2 and solvents, 

namely variations in the hydrogen solubility in the liquid phase, no correlation for carvone 

hydrogenation was found, as it was observed in ref. [93]. At the same time, based on the transition 

state theory and the Kirkwood treatment [94], which considers the reaction between ions and 

dipolar molecules, or between two dipolar molecules, it is possible to account the solvent effects on 

the reaction. The reaction rate (k), proportional to kTGe /0 , for the case when the reactant and the 

transition state are not charged is defined by 
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where ε is the dielectric constant, μ denotes the dipole moment of the activated complex (  ) and 

the reactant ( A ) respectively, k' is constant, which depends on temperature.  

Equation (29) is useful in predicting the influence of the solvent polarity on the reaction 

kinetics. For example, if the reaction occurs with the formation of an activated complex, which is 

less polar than the reactant, the rate constant decreases with an increasing dielectric constant. This 

approach was successfully applied recently for the investigation of the solvent effect in the 

enantioselective hydrogenation of 1-phenyl-1,2-propanedione [95] and ethyl benzoylformate [96]. 

Hence, the rate constant can be expressed in the following way: 
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where α is a constant.  

Therefore, the ratio between the selectivity (S) to trans- and cis-dihydrocarvone can be 

written in the case of the same reaction orders for formation of trans- and cis-dihydrocarvone as 
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where Δα is the difference between α constants for trans- and cis-isomers, transk0  and cisk0  are the 

hypothetical rate constants.  

Equation (31) was used to describe the 

dependence of the ratio between the 

dihydrocarvone isomers on the dielectric 

constants. The values of dielectric constants are 

32.7, 24.6, 19.9 for MeOH, EtOH, 2-PrOH, 

respectively. A good description was obtained as 

shown in Figure 11. The value of parameters 

were found to be equal Δα = -26.9 and 

3.1
0

0 cis

trans

k
k

. Thus, the reaction rate of trans-

isomer formation as well as the total rate increase with an increasing solvent dielectric constant and 

H-donor ability. The developed correlation was able to describe the behavior of the system as a 

function of the solvent dielectric constant. 

3.3.2. Effect of substrate structure 

In order to study the reaction 

regularities of the conjugated C=C 

bond hydrogenation in carvone and 

explore the possible ways of 

interactions between carvone and the 

catalyst surface, the hydrogenation of 

substrates with the structure to similar 

carvone but with different functional 

groups, such as limonene and carveol, 

was performed on Au/TiO2 catalyst at 

0.03 0.04 0.05

0.0

0.2

0.4

0.6

 

ln
 (S

tr
an

s/S
ci

s)

1/  

Figure 11. Dependence of the ratio between 

selectivity (S) to trans- and cis-dihydrocarvone 

on dielectric constants. Experimental data: 

points; calculations: solid line. 

 

Scheme 8. Reaction pathways of carveol hydrogenation 

over Au/TiO2 catalyst. 
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the same reaction conditions as for carvone. 

In the case of carveol, the replacement of the C=O group by C-OH led to a significant 

decrease in the catalytic activity of Au/TiO2 in exocyclic C=C bond hydrogenation, with its isomers 

being the main products (Scheme 8).  

The isomerization products, such as dihydrocarvone, carvotanacetone, as well as 

carvomenthone, were mainly obtained. At the same time, among the products formed, the ratio 

between dihydrocarvone isomers was similar to one for carvone hydrogenation. It is worth noting 

that two carveol isomers had different reactivities and only trans-carveol conversion was observed, 

while the cis-isomers concentration was approximately constant during the reaction.  

The lowest catalytic activity in 

the corresponding C=C group 

hydrogenation was obtained in 

the case of limonene, which is a 

hydrocarbon and does not 

possess any oxygen containing 

groups. The limonene 

conversion after 21 h was about 

14%, with its isomers being the 

main products (Scheme 9). The 

limonene isomers, such as 

terpinolene, α-terpinene,  

γ-terpinene, were formed with 

the combined selectivity of 

about 58%. Among the hydrogenation products, menth-1-ene with an exocyclic C=C double bond 

was mainly observed with a selectivity of 26%.  

 

Scheme 9. Limonene hydrogenation over Au/TiO2. Reaction 
conditions: T = 373 K, p (H2) = 9 bar, 
(-)-limonene (10 mmol), methanol (36 ml), Au catalyst 
(336 mg, Au 0.3 mol % to substrate), 21 h. Product selectivity 
(S) is presented for 14 % limonene conversion.  
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Based on the results above it can be stated that the conjugation with C=O is important for 

selective C=C hydrogenation, which promotes C=C activation as well as influences the adsorption 

on the catalyst surface. According to the results reported previously, the adsorption mode of the 

substrate is a key parameter, determining the selectivity towards the product formation [97, 98].  

Thus the reaction mechanism for conjugated C=C 

double bond hydrogenation presented in Figure 12 can 

be envisaged. The predominant formation of trans-

isomer can be explained by the specificity of carvone 

adsorption on the catalyst surface. Carvone 

conformation resulting in trans-dihydrocarvone 

contains an equatorially oriented isopropylene group, 

whereas to form cis-dihydrocarvone less favorable 

axial position of isopropylene group is required. 

Thus, gold was found to promote the stereo- and 

chemoselective carvone hydrogenation to 

dihydrocarvone with a predominant formation of the trans-isomer, which is a novel synthetic 

method for industrially valuable dihydrocarvone. 

In the past, (+)- and (-)-carvones were isolated by fractional distillation of caraway oil and 

spearmint oil, respectively. These carvones are now prepared synthetically, the preferred starting 

material being (+)- and (-)-limonenes, which are converted into the corresponding optically active 

carvones (Scheme 10). Carvone oxime is an intermediate, which is formed during carvone synthesis 

[43, 99]. From the point of view of increasing the chemical synthesis efficiency, a decrease of the 

number of synthesis steps is one of the general approaches. Therefore, a titania supported gold 

catalyst was also tested in the hydrogenation of carvone oxime with a general idea to combine 

synthesis steps.  

Figure 12. Proposed mechanism for 

conjugated C=C double bond 

hydrogenation in carvone over Au/TiO2. 
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Scheme 10. Industrial method of carvone synthesis. 

 

Carvone and trans-, cis-dihydrocarvone were found to be mainly formed during carvone 

oxime hydrogenation (Scheme 11).  

 

Scheme 11. Reaction pathways of carvone oxime hydrogenation over Au/TiO2. 

 

The reaction was shown to occur through carvone formation with the subsequent 

hydrogenation of its conjugated C=C double bond. Despite the decrease in the reaction rate, the 

increase in the stereoselectivity towards trans-dihydrocarvone was observed (Figure 13). In the case 

of oxime carvone conversion, the ratio between trans- and cis- dihydrocarvone was doubled 

compared to carvone hydrogenation (Figure 14).  
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Figure 13. Carvone oxime hydrogenation over Au/TiO2. Reaction conditions: T = 373 K, p (H2) = 9 

bar, carvone oxime (10 mmol), methanol (36 ml), Au catalyst (336 mg, Au 0.3 mol. % to substrate). 
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Figure 14. Effect of substrate structure on trans-/cis-dihydrocarvone ratio. Reaction conditions: 

T = 373 K, p (H2) = 9 bar, initial substrate (10 mmol), methanol (36 ml), Au catalyst (336 mg, Au 

0.3 mol. % to substrate). 
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4. Conclusions 

Gold catalysts were utilized for different industrially feasible pathways of natural terpenoids 

transformation, such as α-pinene isomerization, one-pot myrtenol amination and carvone 

hydrogenation.  

For the first time, the outstanding activity of gold catalysts in Wagner-Meerwein 

rearrangement, such as α-pinene isomerization to camphene, were demonstrated. Compared to a 

conventional α-pinene to camphene transformation over acid-hydrated TiO2 resulting in camphene 

yields from 35% to 50%, gold on alumina catalyst was found to afford α-pinene isomerization 

conversion up to 99.9% and selectivity 60-80%, making this catalyst very promising from an 

industrial viewpoint. A detailed investigation of kinetic regularities including the Au/γ-Al2O3 

catalyst deactivation during α-pinene isomerization was performed. It was shown that deactivation 

is caused by adsorption of hydrocarbons on gold clusters. The possibility of complete catalyst 

regeneration by thermal treatment with oxygen was demonstrated. 

The one-pot terpene alcohol amination, which is of high practical importance for the 

synthesis of complicated amines with specific physiological properties, was systematically studied 

in the presence of gold catalysts to obtain the knowledge about the key parameters determining the 

catalytic performance. The catalytic activity and product distribution were shown to be strongly 

dependent on the support properties, namely acidity and basicity, and conditions of the catalysts 

pretreatment. The Au/ZrO2 catalyst pretreated under oxidizing atmosphere was observed to be 

rather active resulting in total conversion of myrtenol and selectivity to corresponding amine of 

about 53%. The reaction kinetics was modeled based on mechanistic considerations with the 

catalyst deactivation step included in the mechanism.  

Moreover, gold was found to promote stereo- and chemoselective carvone hydrogenation to 

dihydrocarvone with predominant formation of the trans-isomer, which generally is a novel 

synthetic method for an industrially valuable dihydrocarvone. The obtained results demonstrate a 

possibility of catalysis by gold for preferential hydrogenation of a C=C bond conjugated with a 
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carbonyl group even when another C=C group is present in the substrate. The solvent effect on the 

catalytic activity as well as on the ratio between trans- and cis-dihydrocarvone was observed. A 

range of C1-C3 alcohol solvents was applied for carvone hydrogenation and the highest yield of 

dihydrocarvone was achieved in the case of methanol. Based on the transition state theory, the 

quantitative explanation of the trans-to-cis-dihydrocarvone ratio in different solvents was provided. 

In summary, bio-derived natural extractives such as terpenoids represent very attractive 

starting materials for producing fine and specialty chemicals when an advantage can be taken from 

the molecular structures. Application of the gold catalysts for transformation of these compounds 

gives new possibilities in terms of both current processes improvements and development of new 

ones.  



Conclusions 

 46

4. Conclusions 

Gold catalysts were utilized for different industrially feasible pathways of natural terpenoids 

transformation, such as α-pinene isomerization, one-pot myrtenol amination and carvone 

hydrogenation.  

For the first time, the outstanding activity of gold catalysts in Wagner-Meerwein 

rearrangement, such as α-pinene isomerization to camphene, were demonstrated. Compared to a 

conventional α-pinene to camphene transformation over acid-hydrated TiO2 resulting in camphene 

yields from 35% to 50%, gold on alumina catalyst was found to afford α-pinene isomerization 

conversion up to 99.9% and selectivity 60-80%, making this catalyst very promising from an 

industrial viewpoint. A detailed investigation of kinetic regularities including the Au/γ-Al2O3 

catalyst deactivation during α-pinene isomerization was performed. It was shown that deactivation 

is caused by adsorption of hydrocarbons on gold clusters. The possibility of complete catalyst 

regeneration by thermal treatment with oxygen was demonstrated. 

The one-pot terpene alcohol amination, which is of high practical importance for the 

synthesis of complicated amines with specific physiological properties, was systematically studied 

in the presence of gold catalysts to obtain the knowledge about the key parameters determining the 

catalytic performance. The catalytic activity and product distribution were shown to be strongly 

dependent on the support properties, namely acidity and basicity, and conditions of the catalysts 

pretreatment. The Au/ZrO2 catalyst pretreated under oxidizing atmosphere was observed to be 

rather active resulting in total conversion of myrtenol and selectivity to corresponding amine of 

about 53%. The reaction kinetics was modeled based on mechanistic considerations with the 

catalyst deactivation step included in the mechanism.  

Moreover, gold was found to promote stereo- and chemoselective carvone hydrogenation to 

dihydrocarvone with predominant formation of the trans-isomer, which generally is a novel 

synthetic method for an industrially valuable dihydrocarvone. The obtained results demonstrate a 

possibility of catalysis by gold for preferential hydrogenation of a C=C bond conjugated with a 

Conclusions 

 47

carbonyl group even when another C=C group is present in the substrate. The solvent effect on the 

catalytic activity as well as on the ratio between trans- and cis-dihydrocarvone was observed. A 

range of C1-C3 alcohol solvents was applied for carvone hydrogenation and the highest yield of 

dihydrocarvone was achieved in the case of methanol. Based on the transition state theory, the 

quantitative explanation of the trans-to-cis-dihydrocarvone ratio in different solvents was provided. 

In summary, bio-derived natural extractives such as terpenoids represent very attractive 

starting materials for producing fine and specialty chemicals when an advantage can be taken from 

the molecular structures. Application of the gold catalysts for transformation of these compounds 

gives new possibilities in terms of both current processes improvements and development of new 

ones.  



References 

 48

References 

 
[1] D.Yu. Murzin, P. Mäki-Arvela, T. Salmi, B. Holmbom, Chem. Eng. Tech. 30 (2007) 569-576. 

[2] A. Corma, S. Iborra, A. Velty, Chem. Rev. 107 (2007) 2411–2502. 

[3] A. Corma, M. Renz, M. Susarte, Top. Catal. 52 (2009) 1182–1189. 

[4] P. Gallezot, Catal. Today 121 (2007) 76–91. 

[5] I.L. Simakova, Yu. Solkina, I. Deliy, J. Wärnå, D.Yu. Murzin, Appl. Catal. A: Gen. 356 (2009) 216-224. 

[6] V.A. Semikolenov, I.I. Ilyna, I.L. Simakova, J. Mol. Catal. A: Chem, 182-183 (2002) 383-393.  

[7] J.E. Ancel, N.V. Maksimchuk, I.L. Simakova, V.A. Semikolenov, Appl. Catal. A: Gen.  272 (1-2) (2004) 

109-114. 

[8] A. S. K. Hashmi, G. J. Hutchings, Angew. Chem. 45 (2006) 7896-7936. 

[9] A. Corma, H. Garcia, Chem. Soc. Rev. 37 (2008) 2096-2126. 

[10] M. Stratakis, H. Garcia, Chem.Rev. 112 (2012) 4469-4506. 

[11] Y. Zhang, X. Cui, F. Shi, Y. Deng, Chem. Rev. 112 (2012) 2467-2505. 

[12] O.A. Simakova, R.J. Davis, D.Yu. Murzin, Biomass processing over gold catalysts, Springer Briefs in 

Molecular Science, 2013. 

[13] G. А. Rudakov, Chemistry and Technology of Camphor, Moscow (1976) 208. 

[14] F. Özkan, G. Gündüz, O. Akpolat, N. Beşün, D. Yu. Murzin, Chem. Eng. J., 91 (2003) 257-269. 

[15] O. Akpolat, G. Gündüz, F. Özkan, N. Beşün, Appl. Catal. A: Gen., 265 (2004) 11-22. 

[16] A. I. Allahverdlev, B. Andersson, D. Yu. Murzin, Appl. Catal. A: Gen., 198 (2000) 197-206. 

[17]A. I. Allahverdlev, S. Irandoust, D. Yu. Murzin, J. Catal., 185 (1999) 352-362. 

[18] C. M. Lopez, F. J. Machado, K. Rodriguez, B. Mondez, M. Hasegawa, S. Pekerar, Appl. Catal. A: Gen., 

173 (1998) 75-85. 

[19] A. Severino, A. Esculcas, J. Rocha, J. Vital, L.S. Lobo, Appl. Catal. A: Gen., 142 (1996) 255-278. 

[20] A. D. Stefanis, G. Perez, A. A. G. Tomlinson, Appl. Catal. A: Gen., 132 (1995) 353-365. 

[21] C. B. Davis, J. J. McBride, US Patent 3,824,135 (1974). 

[22] S. Kullaj, Bull. Shkoncave Nat., 43 (1989) 81-85. 

[23] O. Chimal-Valencia, A. Robau-Sanchez, V. Collins-Martinez, A. Aguilar-Elguezabal, Biores. Techn., 

93 (2004) 119-123. 

[24] T. Yamamoto, T. Matsuyama, T. Tanaka, T. Funabiki, S. Yoshida, J. Mol. Catal., 155 (2000) 43-58. 

[25] F. Kleinbeck, F. D. Toste, J. Am. Chem. Soc. 131 (2009) 9178-9179. 

[26] S. G. Sethofer, S. T. Staben, O. Y. Hung, F. D. Toste, Org. Lett. 10 (2008) 4315-4318. 

[27] I.G. Kapitsa, E.V. Suslov, G.V. Teplov, D.V. Korchagina, N.I. Komarova, K.P. Volcho, T.A. Voronina, 

A.I. Shevela,. N.F. Salakhutdinov, Pharm. Chem. J. 46 (2012) 263-265. 

[28] T.G. Tolstikova, E.A. Morozova, A.V. Pavlova, A.V. Bolkunov, M.P. Dolgikh, E.A. Koneva, K.P. 

Volcho, N.F. Salakhutdinov, G.A. Tolstikov, Dokl. Chem. 422 (2008) 248–250. 

[29] D.I. Park, H.G. Kim, W.R. Jung, M.K. Shin, K.L. Kim, Neuropharmacology, 61 (2011) 276-282. 

References 

 49

 
[30] A.A. Silver, R.D. Shytle, K.H. Sheehan, D.V. Sheehan, A. Ramos, P.R. Sanberg, J. Am. Acad. Child 

Adolesc. Psychiatry 40 (2001) 1103–1110. 

[31] M. H. S. A. Hamid, C. L. Allen, G. W. Lamb, A. C. Maxwell, H. C. Maytum, A. J. A. Watson, J. M. J. 

Williams, J. Am. Chem. Soc. 131 (2009) 1766-1774. 

[32] Y. Watanabe, Y. Tsuji, H. Ige, Y. Ohsugi, T. Ohta, J. Org. Chem. 49 (1984) 3359-3363. 

[33] L. U. Nordstrøm, R. Madsen, Chem. Commun. (2007) 5034-5036. 

[34] A. Corma, T. Rodenas, M. J. Sabater, Chem. Eur. J. 16 (2010) 254-260. 

[35] J.W. Kim, K. Yamaguchi, N. Mizuno, J. Catal. 263 (2009) 205–208. 

[36] K. Shimizu, M. Nishimura, A. Satsuma, ChemCatChem 1 (2009) 497–503. 

[37] X. Cui, Y. Zhang, F. Shi, Y. Deng, Chem. Eur. J. 17 (2011) 1021–1028. 

[38] J. He, K. Yamaguchi, N. Mizuno, Chem. Lett. 39 (2010) 1182–1183. 

[39] T. Ishida, R. Takamura, T. Takei, T. Akita, M. Haruta, Appl. Catal. A: Gen. 413-414 (2012) 261-266. 

[40] T. Ishida, N. Kawakita, T. Akita, M. Haruta, Gold Bull. 42 (2009) 267–274. 

[41] L. He, X.-B. Lou, J. Ni, Y.-M. Liu, Y. Cao, H.-Y. He, K.-N. Fan, Chem. Eur. J. 16 (2010) 13965 – 

13969. 

[42] F. Z. Macaev, Bioactive Studies in Natural Products Chemistry, 39 (2013) 233–267. 

[43] K.-G. Fahlbusch, F.-J. Hammerschmidt, J. Panten, W. Pickenhagen, D. Schatkowski, K. Bauer, H. 

Surburg. Flavors and fragrances. In Ullmann’s Encyclopedia of Industrial Chemistry. Vol 15, 73-198, Wiley-

VCH Verlag GmbH & Co. KGaA, 2003. 

[44] G.Y. Ishmuratov, M.P. Yakovleva, E.F. Valeeva, V.A. Vydrina, G.A. Tolstikov, Rus. J. Bioorg. Chem. 

38 (2012) 667–688. 

[45] T. Gaich, J. Mulzer, 2.7 Chiral Pool Synthesis: Starting from Terpenes. in Reference Module in 

Chemistry, Molecular Sciences and Chemical Engineering, from Comprehensive Chirality Volume 2: 

Synthetic Methods I – Chiral Pool and Diastereoselective Methods, Editors-in-Chief: Erick M. Carreira and 

Hisashi Yamamoto, Elsevier Amsterdam, 2012, 163–206. 

[46] K.P. Volcho, L.N. Rogoza, N.F. Salakhutdinov, G.A. Tolstikov Preparative chemistry of terpenoids. 

Part 2/1. Monocyclic monoterpenoids: limonene, carvone, and their derivatives (In Russian), Art Avenue, 

Novosibirsk, 2008, 229. 

[47] M.L. de Faria, R. de A. Magalhães, F.C. Silva, L.G. de O. Matias, M.A. Ceschi, U. Brocksom, T.J. 

Brocksom, Tetrahedron: Asymm. 11 (2000) 4093–4103. 

[48] R. Winter A consumer's dictionary of food additives. 7th ed. P. 592, Random House. Inc.  

[49] P. Four, P. Guibe, Tetrahedron Lett. 23 (1982) 1825–1828. 

[50] M. Yamashita, Y. Tanaka, A. Arita, M. Nishida, J. Org. Chem. 59 (1994) 3500–3502. 

[51] N. Balachander, S.-S. Hang, C.N. Sukenik, Tetrahedron Lett. 27 (1986) 4849–4852. 

[52] H. Ilikti, T. Benabdallah, K. Bentayeb, A. A. Othman, Z. Derriche, S. Af. J. Chem. 61 (2008) 31–36. 

[53] F. Nahra, Y. Macé, D. Lambin, O. Riant, Angew. Chem. 52 (2013) 3208–12. 

[54] S. Gabriels, D. Van. Haver, Eur. J. Org. Chem 1999 (1999)1803–1809. 

[55] N. Iqbal, F. Rudroff, A. Brigé, J. Van Beeumen, M. D. Mihovilovic, Tetrahedron 68 (2012) 7619–7623. 



References 

 48

References 

 
[1] D.Yu. Murzin, P. Mäki-Arvela, T. Salmi, B. Holmbom, Chem. Eng. Tech. 30 (2007) 569-576. 

[2] A. Corma, S. Iborra, A. Velty, Chem. Rev. 107 (2007) 2411–2502. 

[3] A. Corma, M. Renz, M. Susarte, Top. Catal. 52 (2009) 1182–1189. 

[4] P. Gallezot, Catal. Today 121 (2007) 76–91. 

[5] I.L. Simakova, Yu. Solkina, I. Deliy, J. Wärnå, D.Yu. Murzin, Appl. Catal. A: Gen. 356 (2009) 216-224. 

[6] V.A. Semikolenov, I.I. Ilyna, I.L. Simakova, J. Mol. Catal. A: Chem, 182-183 (2002) 383-393.  

[7] J.E. Ancel, N.V. Maksimchuk, I.L. Simakova, V.A. Semikolenov, Appl. Catal. A: Gen.  272 (1-2) (2004) 

109-114. 

[8] A. S. K. Hashmi, G. J. Hutchings, Angew. Chem. 45 (2006) 7896-7936. 

[9] A. Corma, H. Garcia, Chem. Soc. Rev. 37 (2008) 2096-2126. 

[10] M. Stratakis, H. Garcia, Chem.Rev. 112 (2012) 4469-4506. 

[11] Y. Zhang, X. Cui, F. Shi, Y. Deng, Chem. Rev. 112 (2012) 2467-2505. 

[12] O.A. Simakova, R.J. Davis, D.Yu. Murzin, Biomass processing over gold catalysts, Springer Briefs in 

Molecular Science, 2013. 

[13] G. А. Rudakov, Chemistry and Technology of Camphor, Moscow (1976) 208. 

[14] F. Özkan, G. Gündüz, O. Akpolat, N. Beşün, D. Yu. Murzin, Chem. Eng. J., 91 (2003) 257-269. 

[15] O. Akpolat, G. Gündüz, F. Özkan, N. Beşün, Appl. Catal. A: Gen., 265 (2004) 11-22. 

[16] A. I. Allahverdlev, B. Andersson, D. Yu. Murzin, Appl. Catal. A: Gen., 198 (2000) 197-206. 

[17]A. I. Allahverdlev, S. Irandoust, D. Yu. Murzin, J. Catal., 185 (1999) 352-362. 

[18] C. M. Lopez, F. J. Machado, K. Rodriguez, B. Mondez, M. Hasegawa, S. Pekerar, Appl. Catal. A: Gen., 

173 (1998) 75-85. 

[19] A. Severino, A. Esculcas, J. Rocha, J. Vital, L.S. Lobo, Appl. Catal. A: Gen., 142 (1996) 255-278. 

[20] A. D. Stefanis, G. Perez, A. A. G. Tomlinson, Appl. Catal. A: Gen., 132 (1995) 353-365. 

[21] C. B. Davis, J. J. McBride, US Patent 3,824,135 (1974). 

[22] S. Kullaj, Bull. Shkoncave Nat., 43 (1989) 81-85. 

[23] O. Chimal-Valencia, A. Robau-Sanchez, V. Collins-Martinez, A. Aguilar-Elguezabal, Biores. Techn., 

93 (2004) 119-123. 

[24] T. Yamamoto, T. Matsuyama, T. Tanaka, T. Funabiki, S. Yoshida, J. Mol. Catal., 155 (2000) 43-58. 

[25] F. Kleinbeck, F. D. Toste, J. Am. Chem. Soc. 131 (2009) 9178-9179. 

[26] S. G. Sethofer, S. T. Staben, O. Y. Hung, F. D. Toste, Org. Lett. 10 (2008) 4315-4318. 

[27] I.G. Kapitsa, E.V. Suslov, G.V. Teplov, D.V. Korchagina, N.I. Komarova, K.P. Volcho, T.A. Voronina, 

A.I. Shevela,. N.F. Salakhutdinov, Pharm. Chem. J. 46 (2012) 263-265. 

[28] T.G. Tolstikova, E.A. Morozova, A.V. Pavlova, A.V. Bolkunov, M.P. Dolgikh, E.A. Koneva, K.P. 

Volcho, N.F. Salakhutdinov, G.A. Tolstikov, Dokl. Chem. 422 (2008) 248–250. 

[29] D.I. Park, H.G. Kim, W.R. Jung, M.K. Shin, K.L. Kim, Neuropharmacology, 61 (2011) 276-282. 

References 

 49

 
[30] A.A. Silver, R.D. Shytle, K.H. Sheehan, D.V. Sheehan, A. Ramos, P.R. Sanberg, J. Am. Acad. Child 

Adolesc. Psychiatry 40 (2001) 1103–1110. 

[31] M. H. S. A. Hamid, C. L. Allen, G. W. Lamb, A. C. Maxwell, H. C. Maytum, A. J. A. Watson, J. M. J. 

Williams, J. Am. Chem. Soc. 131 (2009) 1766-1774. 

[32] Y. Watanabe, Y. Tsuji, H. Ige, Y. Ohsugi, T. Ohta, J. Org. Chem. 49 (1984) 3359-3363. 

[33] L. U. Nordstrøm, R. Madsen, Chem. Commun. (2007) 5034-5036. 

[34] A. Corma, T. Rodenas, M. J. Sabater, Chem. Eur. J. 16 (2010) 254-260. 

[35] J.W. Kim, K. Yamaguchi, N. Mizuno, J. Catal. 263 (2009) 205–208. 

[36] K. Shimizu, M. Nishimura, A. Satsuma, ChemCatChem 1 (2009) 497–503. 

[37] X. Cui, Y. Zhang, F. Shi, Y. Deng, Chem. Eur. J. 17 (2011) 1021–1028. 

[38] J. He, K. Yamaguchi, N. Mizuno, Chem. Lett. 39 (2010) 1182–1183. 

[39] T. Ishida, R. Takamura, T. Takei, T. Akita, M. Haruta, Appl. Catal. A: Gen. 413-414 (2012) 261-266. 

[40] T. Ishida, N. Kawakita, T. Akita, M. Haruta, Gold Bull. 42 (2009) 267–274. 

[41] L. He, X.-B. Lou, J. Ni, Y.-M. Liu, Y. Cao, H.-Y. He, K.-N. Fan, Chem. Eur. J. 16 (2010) 13965 – 

13969. 

[42] F. Z. Macaev, Bioactive Studies in Natural Products Chemistry, 39 (2013) 233–267. 

[43] K.-G. Fahlbusch, F.-J. Hammerschmidt, J. Panten, W. Pickenhagen, D. Schatkowski, K. Bauer, H. 

Surburg. Flavors and fragrances. In Ullmann’s Encyclopedia of Industrial Chemistry. Vol 15, 73-198, Wiley-

VCH Verlag GmbH & Co. KGaA, 2003. 

[44] G.Y. Ishmuratov, M.P. Yakovleva, E.F. Valeeva, V.A. Vydrina, G.A. Tolstikov, Rus. J. Bioorg. Chem. 

38 (2012) 667–688. 

[45] T. Gaich, J. Mulzer, 2.7 Chiral Pool Synthesis: Starting from Terpenes. in Reference Module in 

Chemistry, Molecular Sciences and Chemical Engineering, from Comprehensive Chirality Volume 2: 

Synthetic Methods I – Chiral Pool and Diastereoselective Methods, Editors-in-Chief: Erick M. Carreira and 

Hisashi Yamamoto, Elsevier Amsterdam, 2012, 163–206. 

[46] K.P. Volcho, L.N. Rogoza, N.F. Salakhutdinov, G.A. Tolstikov Preparative chemistry of terpenoids. 

Part 2/1. Monocyclic monoterpenoids: limonene, carvone, and their derivatives (In Russian), Art Avenue, 

Novosibirsk, 2008, 229. 

[47] M.L. de Faria, R. de A. Magalhães, F.C. Silva, L.G. de O. Matias, M.A. Ceschi, U. Brocksom, T.J. 

Brocksom, Tetrahedron: Asymm. 11 (2000) 4093–4103. 

[48] R. Winter A consumer's dictionary of food additives. 7th ed. P. 592, Random House. Inc.  

[49] P. Four, P. Guibe, Tetrahedron Lett. 23 (1982) 1825–1828. 

[50] M. Yamashita, Y. Tanaka, A. Arita, M. Nishida, J. Org. Chem. 59 (1994) 3500–3502. 

[51] N. Balachander, S.-S. Hang, C.N. Sukenik, Tetrahedron Lett. 27 (1986) 4849–4852. 

[52] H. Ilikti, T. Benabdallah, K. Bentayeb, A. A. Othman, Z. Derriche, S. Af. J. Chem. 61 (2008) 31–36. 

[53] F. Nahra, Y. Macé, D. Lambin, O. Riant, Angew. Chem. 52 (2013) 3208–12. 

[54] S. Gabriels, D. Van. Haver, Eur. J. Org. Chem 1999 (1999)1803–1809. 

[55] N. Iqbal, F. Rudroff, A. Brigé, J. Van Beeumen, M. D. Mihovilovic, Tetrahedron 68 (2012) 7619–7623. 



References 

 50

 
[56] S. de Miguel, M. Román-Mart́nez, D. Cazorla-Amorós, E. Jablonski, O. Scelza, Catal. Today 66 (2001) 

289–295.  

[57] R. Meléndrez, A. Alarcón, React. Kin. Catal. Let.70 (2000) 113–118.  

[58] S. C. Mhadgut, K. Palaniappan, M. Thimmaiah, S. A. Hackney, B. Tököa, J. Liu, Chem. Comm. 25 

(2005) 3207–3209. 

[59] N. Ravasio, F. Zaccheria, M. Guidotti, R. Psaro, Top. Catal. 27 (2004) 157-168. 

[60] R. Mélendrez, G. Del Angel, V. Berti, M. A. Valenzuela, J. Barbier, J. Mol. Catal. A: Chem. 157 (2000) 

143–149. 

[61] C. I. Melo, R. Bogel-Łukasik, M. G. da Silva, E. Bogel-Łukasik, Green. Chem. 13 (2011) 2825-2830. 

[62] P. Mastrorilli, A. Rizzuti, G. Suranna, C. Nobile, Inorganica Chim. Acta 304 (2000) 17–20. 

[63] L.F. Godunova, E.I. Klabunovskii, A.A. Balandin, E.A. Oger, I.A. Rubtsov, Russ. Chem. Bull. 17 

(1968) 1497–1502. 

[64] E. Klabunovskii, L. Godunova, L. Maslova, Russ. Chem. Bull. 21 (1972) 1020–1024. 

[65] P. Claus, Appl. Catal. A: Gen. 291 (2005) 222-229. 

[66] F. Cárdenas-Lizana, M.A. Keane, J. Matter. Sci. 48 (2013) 543-564. 

[67] C. Milone, R. Ingoglia, A. Pistone, G. Neri, F. Frusteri, S. Galvagno, J. Catal. 222 (2004) 348-356. 

[68] C. Milone, C. Crisafulli, R. Ingoglia, L. Schipilliti, S. Galvagno, Catal. Today 122 (2007) 341-351. 

[69] P.G.N. Mertens, P. Vandezande, X. Ye, H. Poelman, I.F.J. Vankelecom, D.E. De Vos, Appl. Catal. A: 

Gen. 355 (2009) 176-183. 

[70] T. Mitsudome, K. Kaneda, Green Chem. 15 (2013) 2636-2654. 

[71] L. McEwan, M. Julius, St. Roberts, J.C.Q. Fletcher, Gold Bulletin 43 (2010) 298-306. 

[72] B.L. Moroz, P.A. Pyrjaev, V.I. Zaikovskii, V.I. Bukhtiyarov, Catal. Today 144 (2009) 292–305. 

[73] R. Zanella, S. Giorgio, C.R. Henry and C. Louis, J. Phys. Chem. B (2002), 106, 7634-7642. 

[74] S. Ivanova, V. Pitchon, Y. Zimmermann and C. Petit, Appl. Catal. A 298 (2006) 57-64. 

[75] E. Smolentseva, B.T. Kusema, S. Beloshapkin, M. Estrada, E. Vargas, D.Y. Murzin, F. Castillon, S. 

Fuentes and A. Simakov, Appl. Catal. A 392 (2011) 69-79. 

[76] O.A. Simakova, E.V. Murzina, P. Mäki-Arvela, A.-R. Leino, B.C. Campo, K. Kordás, S.M. Willför, T. 

Salmi, D.Yu. Murzin, J. Catal. 282 (2011) 54-64. 

[77] M. A. Maestro, L. Castedo, A. Mourino, J. Org. Chem. 57 (1992) 5208–5213. 

[78] N. A. Comelli, E.N. Ponzi, M.I. Ponzi, Chem. Eng. J. 117 (2006) 93-99. 

[79] F. Ebmeyer, J. Mol. Struct. (Theochem.) 582 (2002) 251-255. 

[80] N. Weiher, E. Bus, L. Delannoy, C. Louis, D.E. Ramaker, J.T. Miller, J.A. van Bokhoven, J. Catal. 240 

(2006) 100-107. 

[81] T. Ishida, N. Kawakita, T. Akita, M. Haruta, Gold Bull. 42 (2009) 267–274. 

[82] D. Murzin, T. Salmi, Catalytic Kinetics, Elsevier, 2005, pp. 341-418. 

[83] H. Haario, ModEst 6.0, Helsinki, 2001. 

[84] N. Zotova, F.J. Roberts, G.H. Kelsall, A.S. Jessiman, K. Hellgardt, K.K. Hii, Green Chem. 14 (2012) 

226-232. 

References 

 51

 
[85] P. Claus, A. Brückner, C. Mohr, H. Hofmeister, J. Am. Chem. Soc. 122 (2000) 11430-11439. 

[86] J.E. Bailie, H.A. Abdullah, J.A. Anderson, C.H. Rochester, N.V. Richardson, N. Hodge, J.-G. Zhang, A. 

Burrows, C.J Kiely, G.J. Hutchings, Phys. Chem. Chem. Phys. 3 (2001) 4113-4121. 

[87] C. Mohr, H. Hofmeister, P. Claus, J. Catal. 213 (2003) 86-94. 

[88] G.L. Hallett-Tapley, Cl. D’Alfonso, N.L. Pacioni, Ch. D. McTiernan, M. Gonzaґlez-Beґjar, O. 

Lanzalunga, E. I. Alarcon, J.C. Scaiano, Chem. Commun.49 (2013) 10073-10075. 

[89] A. Kalantar Neyestanaki, P. Mäki-Arvela, H. Backman, H. Karhu, T. Salmi, J. Väyrynen, D.Yu. 

Murzin, J. Mol. Catal. A: Chem., 193 (2003) 237–250. 

[90] O.V. Bragin, V.G. Tovmacian, D.B. Furman, A.L. Liberman, Isv. Akad. Nauk USSR Ser. Khim. 12 

(1976) 2718-2721. 

[91] E.L. Eliel, S.H. Schroeter, J. Am. Chem. Soc., 87 (1965) 5031-5038. 

[92] N.L. Allinger, H.M. Blatter, J. Am. Chem. Soc., 83 (1941) 994-995. 

[93] N.M. Bertero, A.F. Trasarti, C.R. Apesteguía, A.J. Marchi, Appl. Catal. A: Gen. 394 (2011) 228-238. 

[94] K.J. Laidler, Chemical Kinetics, Harper & Row, New York, 1987.  

[95] E. Toukoniitty, P. Mäki-Arvela, J. Kuusisto, V. Nieminen, J. Päivärinta, M. Hotokka, T. Salmi, D.Yu. 

Murzin, J. Mol. Catal. A: Chem., 192 (2003) 135–151. 

[96] G. Martin, P. Mäki-Arvela, D.Yu. Murzin, T. Salmi, Catal. Lett. 143 (2013) 1051-1060. 

[97] C. Mohr, P. Claus, Science Prog. 84 (2001) 311-334. 

[98] R. Zanella, C. Louis, S. Giorgio, R. Touroude, J. Catal. 223 (2004) 328-339. 

[99] E.E. Royals, S.E. Horne, J. Am. Chem. Soc., 73 (1951) 5856-5857. 



References 

 50

 
[56] S. de Miguel, M. Román-Mart́nez, D. Cazorla-Amorós, E. Jablonski, O. Scelza, Catal. Today 66 (2001) 

289–295.  

[57] R. Meléndrez, A. Alarcón, React. Kin. Catal. Let.70 (2000) 113–118.  

[58] S. C. Mhadgut, K. Palaniappan, M. Thimmaiah, S. A. Hackney, B. Tököa, J. Liu, Chem. Comm. 25 

(2005) 3207–3209. 

[59] N. Ravasio, F. Zaccheria, M. Guidotti, R. Psaro, Top. Catal. 27 (2004) 157-168. 

[60] R. Mélendrez, G. Del Angel, V. Berti, M. A. Valenzuela, J. Barbier, J. Mol. Catal. A: Chem. 157 (2000) 

143–149. 

[61] C. I. Melo, R. Bogel-Łukasik, M. G. da Silva, E. Bogel-Łukasik, Green. Chem. 13 (2011) 2825-2830. 

[62] P. Mastrorilli, A. Rizzuti, G. Suranna, C. Nobile, Inorganica Chim. Acta 304 (2000) 17–20. 

[63] L.F. Godunova, E.I. Klabunovskii, A.A. Balandin, E.A. Oger, I.A. Rubtsov, Russ. Chem. Bull. 17 

(1968) 1497–1502. 

[64] E. Klabunovskii, L. Godunova, L. Maslova, Russ. Chem. Bull. 21 (1972) 1020–1024. 

[65] P. Claus, Appl. Catal. A: Gen. 291 (2005) 222-229. 

[66] F. Cárdenas-Lizana, M.A. Keane, J. Matter. Sci. 48 (2013) 543-564. 

[67] C. Milone, R. Ingoglia, A. Pistone, G. Neri, F. Frusteri, S. Galvagno, J. Catal. 222 (2004) 348-356. 

[68] C. Milone, C. Crisafulli, R. Ingoglia, L. Schipilliti, S. Galvagno, Catal. Today 122 (2007) 341-351. 

[69] P.G.N. Mertens, P. Vandezande, X. Ye, H. Poelman, I.F.J. Vankelecom, D.E. De Vos, Appl. Catal. A: 

Gen. 355 (2009) 176-183. 

[70] T. Mitsudome, K. Kaneda, Green Chem. 15 (2013) 2636-2654. 

[71] L. McEwan, M. Julius, St. Roberts, J.C.Q. Fletcher, Gold Bulletin 43 (2010) 298-306. 

[72] B.L. Moroz, P.A. Pyrjaev, V.I. Zaikovskii, V.I. Bukhtiyarov, Catal. Today 144 (2009) 292–305. 

[73] R. Zanella, S. Giorgio, C.R. Henry and C. Louis, J. Phys. Chem. B (2002), 106, 7634-7642. 

[74] S. Ivanova, V. Pitchon, Y. Zimmermann and C. Petit, Appl. Catal. A 298 (2006) 57-64. 

[75] E. Smolentseva, B.T. Kusema, S. Beloshapkin, M. Estrada, E. Vargas, D.Y. Murzin, F. Castillon, S. 

Fuentes and A. Simakov, Appl. Catal. A 392 (2011) 69-79. 

[76] O.A. Simakova, E.V. Murzina, P. Mäki-Arvela, A.-R. Leino, B.C. Campo, K. Kordás, S.M. Willför, T. 

Salmi, D.Yu. Murzin, J. Catal. 282 (2011) 54-64. 

[77] M. A. Maestro, L. Castedo, A. Mourino, J. Org. Chem. 57 (1992) 5208–5213. 

[78] N. A. Comelli, E.N. Ponzi, M.I. Ponzi, Chem. Eng. J. 117 (2006) 93-99. 

[79] F. Ebmeyer, J. Mol. Struct. (Theochem.) 582 (2002) 251-255. 

[80] N. Weiher, E. Bus, L. Delannoy, C. Louis, D.E. Ramaker, J.T. Miller, J.A. van Bokhoven, J. Catal. 240 

(2006) 100-107. 

[81] T. Ishida, N. Kawakita, T. Akita, M. Haruta, Gold Bull. 42 (2009) 267–274. 

[82] D. Murzin, T. Salmi, Catalytic Kinetics, Elsevier, 2005, pp. 341-418. 

[83] H. Haario, ModEst 6.0, Helsinki, 2001. 

[84] N. Zotova, F.J. Roberts, G.H. Kelsall, A.S. Jessiman, K. Hellgardt, K.K. Hii, Green Chem. 14 (2012) 

226-232. 

References 

 51

 
[85] P. Claus, A. Brückner, C. Mohr, H. Hofmeister, J. Am. Chem. Soc. 122 (2000) 11430-11439. 

[86] J.E. Bailie, H.A. Abdullah, J.A. Anderson, C.H. Rochester, N.V. Richardson, N. Hodge, J.-G. Zhang, A. 

Burrows, C.J Kiely, G.J. Hutchings, Phys. Chem. Chem. Phys. 3 (2001) 4113-4121. 

[87] C. Mohr, H. Hofmeister, P. Claus, J. Catal. 213 (2003) 86-94. 

[88] G.L. Hallett-Tapley, Cl. D’Alfonso, N.L. Pacioni, Ch. D. McTiernan, M. Gonzaґlez-Beґjar, O. 

Lanzalunga, E. I. Alarcon, J.C. Scaiano, Chem. Commun.49 (2013) 10073-10075. 

[89] A. Kalantar Neyestanaki, P. Mäki-Arvela, H. Backman, H. Karhu, T. Salmi, J. Väyrynen, D.Yu. 

Murzin, J. Mol. Catal. A: Chem., 193 (2003) 237–250. 

[90] O.V. Bragin, V.G. Tovmacian, D.B. Furman, A.L. Liberman, Isv. Akad. Nauk USSR Ser. Khim. 12 

(1976) 2718-2721. 

[91] E.L. Eliel, S.H. Schroeter, J. Am. Chem. Soc., 87 (1965) 5031-5038. 

[92] N.L. Allinger, H.M. Blatter, J. Am. Chem. Soc., 83 (1941) 994-995. 

[93] N.M. Bertero, A.F. Trasarti, C.R. Apesteguía, A.J. Marchi, Appl. Catal. A: Gen. 394 (2011) 228-238. 

[94] K.J. Laidler, Chemical Kinetics, Harper & Row, New York, 1987.  

[95] E. Toukoniitty, P. Mäki-Arvela, J. Kuusisto, V. Nieminen, J. Päivärinta, M. Hotokka, T. Salmi, D.Yu. 

Murzin, J. Mol. Catal. A: Chem., 192 (2003) 135–151. 

[96] G. Martin, P. Mäki-Arvela, D.Yu. Murzin, T. Salmi, Catal. Lett. 143 (2013) 1051-1060. 

[97] C. Mohr, P. Claus, Science Prog. 84 (2001) 311-334. 

[98] R. Zanella, C. Louis, S. Giorgio, R. Touroude, J. Catal. 223 (2004) 328-339. 

[99] E.E. Royals, S.E. Horne, J. Am. Chem. Soc., 73 (1951) 5856-5857. 



 

ISBN 978-952-12-3012-7
Painosalama Oy – Turku, Finland 2014

Yuliya S. D
em

idova  
T

E
R

PE
N

O
ID

 T
R

A
N

SFO
R

M
A

T
IO

N
S O

V
E

R
 G

O
L

D
 C

A
TA

LY
ST

S 
2014



 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     16
            
       D:20130221112901
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1304
     530
    
     None
     Up
     8.5039
     2.8346
            
                
         Both
         1
         AllDoc
         116
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9b
     Quite Imposing Plus 2
     1
      

        
     0
     63
     62
     63
      

   1
  

 HistoryList_V1
 qi2base





