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Abstract

Yuliya S. Demidova

Terpenoid transformations on gold catalysts

Doctoral thesis, Laboratory of Industrial Chemistry and Reaction Engineering, Process Chemistry
Centre, Department of Chemical Engineering, Abo Akademi University, 2014.

Keywords: gold catalysts, terpenoids, o-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
a-pinene, myrtenol and carvone were selected as starting materials. Gold catalysts were utilized for
the promising routes of these compounds transformation.

Investigation of selective a-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 a-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/ZrO,) 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 tranms-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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Yuliya S. Demidova
Omvandling av terpenoider med guldkatalysatorer

Doktorsavhandling, Laboratoriet for teknisk kemi och reaktionsteknik,
Processkemiska centret, Institutionen for kemiteknik, Abo Akademi, 2014

Nyckelord: guldkatalysator, terpenoider, o-pinen, kamfen, myrtenol, karvon, dihydrokarvon,
isomerisering, ettstegsaminering, hydrering, kinetisk modellering, katalysatordeaktivering,
16sningsmedelseffekt

Nufortiden har omvandling av biomassa en stor potential for syntes av viardefulla komponenter med
manga tillimpningar. Terpenoider, som har extraherats ur biomassan, dr billiga fornyelsebara
ramaterial, vilka ofta dr biologiskt aktiva och de anvdnds som viktiga organiska intermedidrer vid
utveckling av nya likemedel samt vid syntes av finkemikalier och specialkemikalier. Samtidigt har
det dgnats mycket uppmérksamhet for tillimpning av guld som katalysatormetall for syntes av
finkemikalier, darfor guldnanopartiklar har visat sig vara mycket aktiva och selektiva i kemisk
omvandling av komplexa organiska foreningar. Omvandling av férnybara terpenoider i nidrvaro av
guldnanopartiklar 4r en av de nya och lovande inriktningarna vid omvandling av biomassa till
virdefulla kemikalier. 1 doktorsavhandlingen valdes olika typers naturligt forekommande
terpenoider, s.s. a-pinen, myrtenol och karvon som rédmaterial. Guldkatalysatorer utnyttjades vid
omvandling av dessa komponenter i lovande reaktionsrutter.

Selektiv isomerisering av o-pinen till kamfen, vilket &r ett viktigt steg i en industriell process mot
syntes av kamfor och andra virdefulla komponenter inom lédkemedelsindustrin, undersoktes i
avhandlingen. En hog aktivitet av heterogena guldkatalysatorer i Wagner-Meervein-omvandlingen
demonstrerades for forsta gangen. Guld pa aluminiumoxidbédrare mojliggjorde en omséttning av
o-pinen up till 99.9% med selektiviteten 60-80% och visade sig vara en lovande katalysator d&ven ur
industriell synvinkel. En detaljerad undersokning av kinetiska regelbundenheter och
katalysatordeaktivering under reaktionens forlopp utfordes.

Aminering av terpenalkohol i ett steg, vilket dr ett lovande system for syntes av virdefulla
komplexa aminer med specifika fysiologiska egenskaper, undersoktes. De allminna
regelbundenheterna i ettstegsaminering av naturligt forekommande myrtenol i nérvaro av
guldkatalysatorer samt korrelationer mellan katalytisk aktivitet, katalysatorns redoxtillstind och
birarmaterialets egenskaper utvecklades. Den katalytiska aktiviteten och produktfordelningen
visade sig vara starkt beroende av bararmaterialets egenskaper, ndmligen surhet och bashet. Guld pa
zirkoniumoxid (Au/ZrO,) som behandlades under en oxiderande atmosfar observerades vara ganska
aktiv samt resultera i fullstindig omséttning av myrtenol och ca 53%:s selektivitet for respektive
amin. Reaktionskinetiken modellerades med hjélp av mekanistiska idéer samt genom att beakta
katalysatorns deaktivering.

Karvonhydrering pa guldkatalysatorer undersoktes som ett exempel pa konkurrerande hydrering av
olika funktionella grupper och en metod for syntes av vidrdefulla karvonbaserade produkter
utvecklades. Guld upptécktes gynna stereo- och kemoselektiv karvonhydrering till dihydrokarvon
med bildning av trans-isomeren som huvudprodukt. Detta forfarande dr en ny syntesmetod for
industriellt viktig dihydrokarvon. Inverkan av Iosningsmedlet pa katalysatorns aktivitet samt
forhallandet mellan trans- och cis-dihydrokarvon undersoktes ocksa i arbetet.
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Pedepar

FOnus Cepreesna Jlemuaosa

l'[peBpau[eHml TEPIICHOUI0B B NIPUCYTCTBUHU 30JI0THIX KaTaJIU3aTOPOB

Huccepranusi, Laboratory of Industrial Chemistry and Reaction Engineering, Process Chemistry
Centre, Department of Chemical Engineering, Abo Akademi University, 2014.

KiroueBble cioBa: 3070Tble KaTaIW3aTOPhl, TEPIEHOUIBI, O-MUHEH, KaM(eH, MUPTEHOJ, KapBOH,
JTUTHAPOKAPBOH, HW30MEpH3allMsl, NPsSIMOE AaMHUHHPOBAaHHE, THUAPHPOBAHUE, KHHETHYECKOE
MOJIETIUPOBAHKE, Je3aKTUBALIIS KaTaln3aTopa, BIUSHNUE PACTBOPHUTEIS.

B Hacrosmee Bpemst nepepa0oTKa KOMIIOHEHTOB BO300HOBJIIEMOIO PACTUTEIBHOIO ChHIPbi C
UCTIOJIb30BaHUEM I'€TE€POTreHHbIX KaTalu3aTOPOB JUIs MOTY4EHHsI IEHHBIX COCJUHEHHUN C IIMPOKUM
CHEKTPOM IPUMEHEHHUs] UMeeT OOJIbIION TOTeHIMal. TeprneHOuAbl, coaepiKalliecs B COCTaBe
3(UPHBIX Macel U XKUBUIl XBOWHBIX JIEPEBbEB, 3a4acTy0 00IaJal0T OMOJIOINYECKOl aKTHBHOCTBIO
U IIUPOKO HCIIONB3YIOTCSA U TIOJyYeHHWS WX MPOM3BOAHBIX C HOBBIMH (PH3HOIOTHYECKUMHU
CBOICTBaMH, a TaKKe IEHHBIX IPOJYKTOB TOHKOIO OpPraHMYEecKOro cuHTe3a. Bmecte ¢ Tem
MIPUMEHEHNE HAHOYACTHIl 30JI0Ta B PEAKIUAX TOHKOTO OPraHWYECKOTO CHHTE3a IPECTaBISIET
0cOoOBIi HAaydHBIH MHTEpEC B CBSI3M C MX HEOOBMaiHO BBICOKOH AaKTUBHOCTBIO /WK
CENIEKTUBHOCTBIO, OOHApPY)KEHHOW /sl HEKOTOpbIX peakiuil. B 1gaHHOW pabore B KadyecTBe
MCXOJHBIX CyOCTpaTOB OBLIM BHIOPAHBI PAa3HBIE TUIBI COCIMHEHHUH TPUPOTHOTO MPOUCXOKICHUS —
0-TIMHEH, MUPTEHOJI, KaPBOH — U MCCIIeI0BaHbl IEPCIEKTUBHBIE MAPIIPYTHI UX MPEBPALICHUS.

Wzyuena nzomepu3aius o-IMHEHA B KaM(eH, KOTopast ABJISIETCS] BaKHOM CTaJANCH MPOMBIIIIIEHHOTO
mporiecca cuHTe3a Kamdaphbl, a TaKk)ke HEKOTOPHIX OMOJIOTMYECKH aKTHBHBIX BEIECTB. BriepBble
MMOKa3aHa BBICOKAS aKTUBHOCTH T€TEPOTCHHBIX HAHECEHHBIX 30JI0TOCOACPIKANINX KATAIH3aTOPOB B
neperpynnupoBke Baruepa-Meepseiina. Ilpemmokena ontumanbHass Au/y-Al,O3; kaTanmuTudeckas
cucTeMa A1 W30MEpHU3alUH O-IMHEHa B KaMdeH, Mo3Bosomas 10ctudb 99.9%-Holl KoOHBepcHU
npu  60-80%-HOW CEeNeKTHBHOCTH, 4YTO JIeNlaeT JaHHBIM KaTalu3aTop IPUBIICKATEIBHBIM C
MIPOMBIIIUIEHHON TOYKM 3peHHs. V3ydeHbl OCHOBHbIE KMHETHYECKHE 3aKOHOMEPHOCTH PEaKIMH B
npucyTtctBun Au/y-Al,Os, BKIIO9as NCCIIeJOBaHNE TIPOIIECCOB /Ie3aKTUBAILIMN KaTalu3aTopa.

W3yueHbl OCHOBHBIE 3aKOHOMEPHOCTH KUIKO(PA3HOTO aMHHUPOBAHUS MHUPTEHOJA B MPUCYTCTBUU
TeTepOreHHbIX Au Karanu3aTopoB. MccienoBaHO BIUSHHE MPHUPOJBI HOCHTENS, OKUCIUTEIIBHO-
BOCCTAaHOBHUTEJIBHBIX YCIOBHI (OPMUpPOBAaHUS aKTHBHOIO AU KOMIIOHEHTa Ha aKTHBHOCTh W
CEJIEKTUBHOCTb OOpa30BaHUsI OCHOBHBIX MPOXYKTOB B 3TOi peakuuu. Ilokasano, uro Hamboiee
AaKTHBHBIM M CEJIEKTHBHBIM sBisieTcs Au/ZrO, KaTanu3aTtop, HpOMIENNINN OKHUCIUTEIBHYIO
TepMOOOpabOTKy, B KOTOPOM COOTHOIICHHUE OCHOBHBIX M KHCJIOTHBIX IIGHTPOB Ha MOBEPXHOCTH
HOCHTENsl Hambosiee ONAaronpusTHO CpeId HCCIEAOBAaHHBIX KaTaiau3aTtopoB. lccienoBaHb
KMHETUYECKHE 3aKOHOMEPHOCTM aMHUHHMPOBAHHMS MHUPTEHOJA C YYEeTOM BKJIaJa IPOLECCOB
aesaktuBanuu. I[IpeioxkeHsl cxema MeXaHu3Ma U KUHETHYECKask MOJEIb PEAKIIHN.

UccnenoBana peakuus TUAPUPOBAHUS KapBOHAa B NPUCYTCTBUM Au KaTajqu3aTopa C IEJIbIO
U3yYCHHUs AKTUBHOCTH 30JIO0THIX KaTaJN3aTOPOB B KOHKYPEHTHOM THAPHUPOBAHUM PA3TUIHBIX
(YHKIMOHAIBHBIX TPYMI, a TakXke pa3padOTKH MOAXOoJa /sl CHHTEe3a IICHHBIX IPOW3BOIHBIX
kapBoHa. [lokazaHa BBICOKAs AKTUBHOCTb TI'€TEPOICHHBIX HAHECCHHBIX 30JI0TOCOEPKALINX
KaTaau3aToOpoB B CTEPEO- M XEMOCEJIIEKTUBHOM TUAPUPOBAHMM KapBOHA B JUTHIPOKAPBOH C
MIPEUMYIIECTBCHHBIM 00pa30BaHUEM MpaHC-U30Mepa, 4YTO SBJISETCS HOBBIM METOIOM CHHTE3a
MIPOMBIIUIEHHO LEHHOTO JWUTHUAPOKAPBOHA. V3ydeHO BIUSHHME PACTBOPHUTENS HAa KATAIUTHYECKYIO
AKTUBHOCTb U COOTHOILIEHUE MEXAY MPAHC- U YUuc-TUTHIPOKAPBOHOM.
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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 a-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.
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Isomerization of a-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

7@ E%\ camphene plays an important

Camphene role as an intermediate for

a—Pinene

synthesis of camphor, which is a

valuable substrate for

pharmaceutical and perfumery
Tricyclene

industries. Generally, o-pinene

isomerization to  camphene

- o—Terpinene .
p-Cymene  Limonene P represents ~ Wagner-Meerwein

Scheme 1. Reaction pathways of a-pinene isomerization rearrangement, namely alkyl
catalyzed by acid catalysts. group migration from one
carbon to a neighboring carbon.

In industry, the transformation of a-pinene into camphene is performed in liquid phase at
423-443 K over TiO; catalyst activated in situ by H,SO, 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
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knowledge, supported gold metal catalysts have never been tested before for a-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

Amine R’
------------------ > /\ -~ holds a high potential for
increasing the efficiency for

Oxidation Hydrogenation . .
chemical synthesis of
Imine formation " medicinally and biologically
R/\O R \N/ .

+NHR important compounds. At the

same time, the complexity of
Scheme 2. Schematic view of the one-pot alcohols amination. . .
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
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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].

(0]
/z\
trans-Dihydrocarvone OH
(0]
N
; Dihydrocarveol
AN
cis-Dihydrocarvone 0 on
O >
: cis- and trans- Carvomenthol
N Carvomenthone
Carvotanacetone
% OH OH
/E\ /:\
())-Carveol Carvotanacetol

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=0,
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(PPhs)s in the
presence of protonic or Lewis acids [49], metal hydrides [50, 51], zinc powder in the presence of
NiCl; [52] and alkali alcohol solution [47], Me(EtO),SiH 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=0O 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=0 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

a-Pinene was isolated from turpentine oil by vacuum distillation and contained the
following impurities: tricyclene — 0.19 wt. %, camphene — 1.61 wt. %, B-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 a-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 a-pinene isomerization

The gold catalysts for investigation of a-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 a-pinene isomerization:
1. ceria was synthesized from Ce(NOs3)3;-6H,O by Pechini method and granulated (particle size

200-500 um, Sger = 110 m?/g, lattice parameter 5.403 A).
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v-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 y-Al,O3 was produced at Boreskov Institute of
Catalysis from pseudoboehmite (particle size 500-700 um, Sger = 185 m*/g, total pore
volume 0.93 cm’/g).

carbon composite material Sibunit was supplied by Institute of Hydrocarbon Processing
(Omsk) (particle size 200-500 pm, Sger = 281 m*/g, total pore volume 0.39 cm’/g).
y-alumina (R,S) was synthesized from boehmite and granulated at Boreskov Institute of
Catalysis (particle size 200-500 um, Sger = 149 m?/g, total pore volume 0.45 cm’/g).
y-alumina was supplied by Ryazan Oil Refinery Company (Russia) (particle size 200-

500 um, Sger = 268 m?/g, total pore volume 0.69 cm’/g)

2.2.1.2. Catalyst preparation

Hydrogen tetrachloroaurate HAuCls-aq (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 CeO,, y-Al,O3 (R,S) and
v-AlL,O3 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.

modified deposition-precipitation technique with ethylenediamine instead of NaOH for
carbon-supported gold catalyst;

wetness impregnation for Au/y-Al,O3 was similar to the methods previously described in
ref. [72]. After treatment in flowing H; at 673 K for 4 h, the sample was additionally treated
with an aqueous 1M NaOH solution for removal of CI” 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

8



Experimental

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 Nanotecnologia de la Universidad Nacional Autonoma de México by the group of

Prof. Andrey V. Simakov.

2.2.2.1. Supports
Commercial CeO,, AL,Os3, La,0s, ZrO, (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 CeO,, Al,O3, La,03, ZrO, (Alfa Aesar) and
MgO (Mallinckrodt), respectively, were synthesized by deposition-precipitation technique using
HAuCly (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. % AuTiO, catalyst was prepared at Abo Akademi University by
Dr. Olga A. Simakova from HAuCly aqueous solution (5x10™ M) by deposition-precipitation with

urea (DPU) at 354 K during 24 h onto TiO, (Degussa AG, Aerolyst 7708, anatase >70%,
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Sger =45 m*/g). The obtained slurry was washed with NH,OH 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 CI contents of the catalysts for a-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 BaSQOy, 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 I 3020 Micromeritics equipment. Prior to surface area measurements, the samples were

treated in vacuum (0.05 mbar) at 623 K for 12 hours.

10



Experimental

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 (dy,) of particles was calculated using the
()

following equation: d,, = , where x; is the number of particles with diameter d;.

2.3.5. X-ray photoelectron spectroscopy (XPS)

Photoelectron spectra were recorded using SPECS spectrometer with PHOIBOS-150
hemispherical energy analyzer and MgK,, irradiation (hv = 1253.6 ¢V, 100 W). Binding energy
scale was preliminarily calibrated by the position of the peaks of Au4f;;, (84.0 eV) and Cu2psp,
(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 (74.5eV) (internal standard). This reference was applied since the
spectrometer was equipped with turbomolecular pumps, and calibration on the basis of the position
of Cls 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,
Cls, and Ols 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 AIK, radiation (hv=1486.58 eV) and fixed analyzer pass energy

of 20 eV. All measured binding energies (BE) were referred to the Cls line of adventitious carbon

11
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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/Al,O5 catalyst (0.2 g) in a flow of a gas mixture containing
5vol. % O; 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, (A = 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 a-pinene was carried out under continuous flow conditions at
atmospheric pressure using a solution of a-pinene in n-octane of the determined concentration as
the initial reaction mixture and H, or N, 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 a-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 (I mmol),
aniline (1 mmol) and the Au catalysts (92 mg, Au 1.4 mol. % to substrate) in toluene (10 ml) at
453 K under N, 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/TiO, catalyst (336 mg,
Au 0.3 mol. % to substrate) was used as the initial mixture. The experiments were conducted at
373 K under H; 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-SMS

column) and NMR in some cases as well.

2.5.1. a-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 pm) 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 pm) 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 K. The temperature of the evaporator was 573 K.

'H- and “C-NMR spectra: Bruker DRX-500 spectrometer (500.13 MHz (‘H) and
125.76 MHz (13C)) in the CDCIl; solutions of the substances; chemical shifts & in ppm rel. to
residual chloroform [6(H) 7.24, 8(C) 76.90 ppm], J in Hz. The structure of the compounds was
elucidated by analyzing the NMR spectra of 'H and *C with the attraction of the spectra of the dual
resonance of 'H — 'H, two-dimensional spectra of the heteronuclear of C — 'H of correlation on the
straight constants of spin-spin interaction (C — H COSY, 'Jey 160 Hz). The signal multiplicity in

the *C 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 pm) at 433 K
and a flame ionization detector operating at 523 K. The temperature of the evaporator was 493 K.
'H-NMR spectra were recorded by Bruker AV-400 spectrometer (400.13 MHz ('H)) in the CDCls
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 a-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 a-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, a-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. e | e
Basic supports CeO, and y-Al,Os; modified by O | e %
basic type lanthanide were not active per se in the

reaction. Gold supported on these oxides showed a high

a-pinene conversion and a high selectivity to camphene . p-cymene
imonene

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

presence of these catalysts. Figure 1. Catalytic activity of CeO; (1);
AlLO3/La,05  (2);  Au/CeO; (3);
Au/ALO5/LnOy  (4); Au/AlLO3/LayOs

Sibunit and y-alumina per se, which contains the acid  (5) in g-pinene isomerization. Reaction

At the same time, carbon composite material

surface sites, catalyzed o-pinene isomerization ~conditions: T - 473 K,

a-pinene concentration in n-octane

(Figure 2). However, camphene formation was not
0.4 vol. %, t=0.33s.

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 y-Al,O; (y-AlL,O3/NaOH in Figure 2b) become inactive. The Au/y-Al,O3 and Au/C catalysts

16



Results and Discussion

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/y-Al,O; catalyst. Compared to conventional a-pinene —to- camphene transformations over
acid-hydrated TiO,, resulting in camphene yields from 35% to 50%, gold on alumina was found to
afford a-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 o-pinene isomerization to camphene was demonstrated for the first time in the open
literature.

In order to confirm the role of gold nanoparticles in a-pinene transformation as well as to
avoid possibility of support modification during the catalyst preparation, a blank experiment was
performed in the presence of y-Al,Os 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 HCI was taken instead of HAuCly solution for y-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 a-pinene transformation to camphene.

. 1-y-ALO,
1-C & 2 -y-AL,O/NaOH %,
2-cmaou [ W AT e ® Catat
3- Aw/C “F 3-1-ALO, ®

w2 4-Auf-AlLO,

%

p-cymene

limonene

P
camphene A limonene
A X X Scamphene

-cymene

Figure 2. Catalytic activity of carbon composite material Sibunit (a) and y-alumina supported (b)
gold catalysts and supports per se in a-pinene isomerization. Reaction conditions: T = 473 K,

a-pinene concentration in n-octane 0.4 vol. %, t=0.33 s.
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For Au/y-Al,Os 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/y-Al,O5 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/y-Al,O; catalyst thermal treatment on the ratio of camphene and p-cymene.

Sample Temperature, K~ Duration,h  Atmosphere  Scamphene/Sp-cymene day, Nm

1 673 4 H, 3.8 2.7+0.6
4 H,

2 673 7.9 3.1+£0.7
4 0,
673 4 H,

3 7.3 3.9+0.9
873 4 0,
673 4 H,

4 7.4 3.94+0.9
873 21 0,

The study of the reaction mechanism was not the main focus of this work. However, to
explain the outstanding activity of the Au/y-Al,O; catalyst in a-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 a-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
(Brensted 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
a-pinene isomerization over the Au/Al,Os catalyst can be hypothesized. Thus, a-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 Bronsted acidity. Such
interactions with the surface favor the formation of camphene. In
Figure 3. Proposed scheme the absence of Lewis sites, a-pinene orients differently and can

for o-pinene adsorption on reach the surface with gem dimethyl groups and protonation of four

gold catalysts. 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/y-Al,O; system for further investigations of kinetic regularities. The effects of
temperature, residence time and  initial o-pinene concentration on  the
a-pinene conversion and selectivity to camphene were studied over the Au/y-Al,O; catalyst.

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

effectiveness factor for spherical particles:

3 1 1
My =[ —J (M
o\ tanhgp ¢

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

=R |- @
ef

where R = 1.75x10* m is the mean radius of the catalyst particles (200-500 pm) and the rate

constant of the first order reaction k = 4.75 5™ was found from the experimental data. Effective

diffusion coefficient of a-pinene D,rin hydrogen is defined as D, = Dé, where D is the combined
' X

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

-1
Dmo/ Dk

3)
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The ratio between catalyst porosity (&) and tortuosity () was taken as 0.1. The molecular
diffusion coefficient for hydrogen and a-pinene in the vapour phase was calculated according to
Chapman-Enskog equation for binary gas diffusivities:

T{lg)
MA MB

p(UAB)2 Qp

D,, =1.8583-107 “

In equation (4), 7T is temperature (K), M, and Mz are molar masses of hydrogen and a-
pinene molecules (g/mol) respectively, p is total pressure (atm), a5 (A) is the collision diameter for
pair hydrogen and a-pinene; Q45 is a collision integral (dimensionless) that is a function of kz7/e 43,
where ¢45 (J) is Lennard-Jones parameter and k5 (1.38-10" J/K) is the Bolzmann constant.

The collision diameter g4 for pair hydrogen and a-pinene, was calculated by the following

equation,
1
GAB=E(GA+GB) (5)

while the collision integral depends on the constant e45, which was calculated for a binary system

from
Y (©)
The Knudsen diffusivity was calculated by

D, =2, [3RT
3\

(N

where 7, 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

V,=0.69-10° m’/g and the total surface area S= 268 m*/g.

= =0.5r ®)

Hence eq.8 takes the form
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22V, [8RT

D, ==
38 VM

)

Finally estimation of the effectiveness factor under reaction conditions gave a value 0.91,
which is close to unity, indicating that a-pinene diffusion inside the catalyst pores does not affect
the reaction rate notably.

An isomerization reaction for a-pinene conversion catalyzed by Au/y-Al,Os is similar to that
catalyzed by conventional acid catalysts (Scheme 4). The main product of vapour-phase a-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 a-pinene conversion
seems to be rather constant in the reaction temperature range studied 463-483 K [I, IIJ.
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 a-pinene
isomerization seems to be the pinylcarbonium ion, which is formed from o-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 a-pinene isomerization over Au/y-Al,O; was studied at
different temperatures 463, 473 and 483 K during the initial period of the reaction to avoid the
influence of Au/y-Al,Oj; catalyst deactivation on a-pinene conversion with time-on-stream. To
facilitate a comparison between experiments with different initial a-pinene concentrations the
analyzed samples of reaction products were withdrawn when approximately the same amount of
a-pinene passed through the catalyst bed (e.g. for higher a-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 a-pinene conversion measured during the initial period of

testing versus residence time 1 for three different reaction temperatures.
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a—Pinene Pinylcarbonium ion Bornylcarbonium ion Q/Z
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Scheme 4. Scheme of a-pinene isomerization catalyzed by acid catalysts.

The experimental dependence of the a-pinene conversion on the residence time is well
described by the following equation:
X=1-¢" (10)

This indicates that the reaction is of the first-order with respect to a-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 TiO, 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 a-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 a-pinene conversion on residence time over 2.2 wt. % Au/y-Al,O3 at
different temperatures (symbols - experiments; line - calculated). (b) Arrhenius plot of rate constant
(k, s of a-pinene  isomerization. Reaction conditions: T = 463-483 K,

a-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/y-Al,O3 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/Al,O3
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/Al,O; 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 CO,. The relative content of desorbed products was in a good

correspondence with the stoichiometry of CioHi¢ (a-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 CO, desorption as well
as by decrease of the band intensity at 860 nm. The oxidation of organic deposit was almost

completed at 800 K.

Absorbance (a.u.)

Desorption rate x 10" (mol s™)

= T T
300 400 500 600 700 300 400 500 600 700 800

T(K)
Wavelength (nm)

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/Al,O5 catalyst.

According to TEM, the size of gold nanoparticles was not changed noticeably during the
a-pinene isomerization and TPO as well. The high sintering stability of the Au/Al,O5 catalyst used
in this work provides a possibility of restoring its activity in a-pinene isomerization by burning the
hydrocarbon deposits on the catalyst surface at temperature >800 K.

Au/y-Al,O3 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/y-Al,Os at first exhibited
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conversion of a-pinene in the range of 98-100% and selectivity to camphene 83% demonstrating
complete catalyst regeneration at 473 K and a-pinene concentration 0.4 vol. % (tr = 0.33 s). In
addition, the catalysts have shown the same activity during the reaction at 473 K and a-pinene
concentration 4.0 vol. % (t = 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 a-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(C,,?)) is determined by deactivation steps. Finally, for
predicting of the a-pinene conversion (X) at the different temperature and concentration the
following expression is obtained:
X=1-¢e"" (D
where £ is the rate constant, 7 is the residence time, a(C,, ?) is the empirical expression, also called
relative activity or function of deactivation, which in our case depends on initial a-pinene
concentration and time-on-stream.

On the basis of experimental observations the deactivation function @ was shown to be well
described by a hyperbolic function and the following expression [II]:

!
Tk ) (12)

where K, (C,) is deactivation parameter (min'l), which depends on the initial concentration of
a-pinene.

The developed kinetic model described well the experimental data for the a-pinene
transformations on the Au/Al,O; catalyst during the initial period of reaction as well as the

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

concentration is well described by a parabolic function K, = BC,”.
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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

a-pinene molecules was proposed [I1]:

7@ 7@ — Products + *

a—Pinene a—Pinene*
+ a—Pinene*

Deposits

where * is the surface site. From this scheme, an expression for the coverage of the deposit is valid
by assuming Langmuir adsorption for a-pinene:

do,, . K:C?

—deosit _ f 6? 2 : (13)

deposit

R Sy A
d inene d 2 U*
di ’ (1+K,C)

where k, is the deactivation constant, 0+ is vacant sites.
Since the reaction is first order in o-pinene, it in essence means that the coverage of

o-pinene is very low compared to the fraction of available (vacant) sites, e.g. ¢, ~1-6,,,,,, and

1>> K ,C giving a possibility to transform eq. (13) into

de,, ..
% k szmene = de/%Cz(l - edepo.viz )2 (14)
Defining the relative activity as the fraction of sites not occupied by deposit a =(1-6,,,,,)
one gets
da 2,2 2
-—=k,K.C"a 15
di (15)

which after integration with the boundary conditions (t=0, a=1) results in

1
_ 16
kKt (16)
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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 K, which is defined as

K,=BC,’ =k,K.C,.

27



Results and Discussion

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).

B8
S

Aniline Myrtenol
Hz
H
E ; E EN
Myrtanol Myrtanal 4

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/ZrO, and Au/AL,O; 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/ZrO, 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/ZrO, 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 ZrO,, Al,Os,
CeO,, LayO3 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,
Zr0; and AlL,Os, resulted in the formation of the corresponding imine (1) only and the myrtenol

conversion about 30-40% after 7 h.
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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 (m) and selectivity to secondary amine (A ) 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/ZrO,
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 f-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/ZrO, catalyst, the reaction rate significantly increases probably due to the

substrates localization or water released sorption on the catalyst surface [III].
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+R,-NH,

R,-CH=0 > )\
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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/ZrO, 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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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” mol-1"-s™) obtained for the
Au/ZrO; catalyst the estimated Weisz-Prater modulus was amounted to ®=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/ZrO, 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/ZrO, 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
Basic routes
Elementary step Constant
1 2 3 4
1 7Z+A=7A K, 1 0 1 0
2 ZA+Z—7ZB+ZH, k> 1 0 1 0
3 Z+B=ZB K5 -1 1 -1 0
4 7+H,=7H, Ky -1 0 0 0
5 ZB+ZE—ZC+7Z ks — 0 1 0 0
k.5 <«
6 C+Z+H,0=ZC K 0 -1 1 0
7 Z+E=ZE K5 0 1 0 0
k
8 ZC'+ZH, < ZD+Z+H,0 e 0 0 | 0
k_g «—
9 Z+D=7ZD Ko 0 0 -1 0
10 7z+Cc=27C Kio 0 0 0 2
11 27C— deposits ki1 0 0 0 1
k
12 B+Eo C+H,0 e Non-catalytic
ko

N': A=B+H;; N:B+E=C+H,0;
N*: A+ C=B+D; N*: 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 N' - N° describe the transformations of the main reaction compounds,
while N* 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 (6) is
determined by the following equation:

1

0, = 17
’ (1+K1~CA+K3~CB+K4-CHZ+K6-CC-CH20+K7~CE+K9-CD+K10~CC) a7

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
where Oueposis 1s fraction of the catalyst sites occupied by

by using the function f =1-6

deposits °
deposits.
Therefore, the consumption/generation rates (7;) are defined by

dc,

ry = di =-r = _kz -Kv1 'CA eé -(1—9(@0&”&) (18)
L_dc,
B dt =h 5 12 o
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dC,
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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 & in the rate equations were assumed to follow the modified Arrhenius

dependence [82]

k=A exp( RE [; - leJ (26)

In the expression above, 4, E,, Reqs, T, and Tyeqn 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

0= ZZ(%W i) > 27)

exp est

where c.y, and c.y denote the experimental and estimated data of the components, respectively.
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The goodness of the fit is determined with the R*-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-c, given by the model to the residuals of the simplest model one may think

of, the average value ¢ of all data points. The R*-value or degree of explanation is given by the

expression

2
gofi-leel (28)

—2
=

Hence R 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
(ko and E,), 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/TiO;
[84].

The comparison in Figure 9 along with the value of R* 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/ZrO,.
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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 | mmol,

toluene 10 ml, catalyst 1.4 mol. % Au, nitrogen atmosphere.
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3.3. Selective carvone hydrogenation to dyhydrocarvone [V]
3.3.1. Solvent effect

Previous studies of gold-catalyzed o,p-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/Ti0,, 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/TiO, catalyst with

the Au particle size of

O
ca. 2 nm.
A series of C;-C; protic
N
trans-Dihydrocarvone solvents including methanol

°_ -
TN

N

(-)-Carvone

S o (MeOH), ethanol (EtOH) and
/ 2-propanol (2-PrOH) were
PN

used. The catalytic activity

O cis- and trans-
Carvomenthone was shown to strongly

depend on the solvent

- =

cis-Dihydrocarvone applied [V]. The carvone

hydrogenation resulted

Scheme 7. Reaction pathways of carvone hydrogenation over mainly in - cis-,  trans-
Au/TiO; catalyst. 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
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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 frans-to-cis-dihydrocarvone ratio over
Au/TiO; catalyst. Reaction conditions: T = 373 K, p (Hy) = 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 trams-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/TiO, 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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the further transformation of both isomers to carvomenthone. It is important to note that TiO, 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 H, 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 eV K for the case when the reactant and the

transition state are not charged is defined by

£\2 2
1nk=1nk0_kvw

¢ (29)

where ¢ is the dielectric constant, u denotes the dipole moment of the activated complex (x”) and
the reactant ( z, ) 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:

k =kje*'* (30)
where a is a constant.

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

written in the case of the same reaction orders for formation of trans- and cis-dihydrocarvone as

S k . k trans 1
trans _ In trans _ 70 +Aa— (31)

ln S k k cis
cis cis 0 &
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where da is the difference between a constants for trans- and cis-isomers, k,

hypothetical rate constants.
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trans

and k," are the

used to describe the

ratio between the

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

Figure 11. Dependence of the ratio between

selectivity (S) to trans- and cis-dihydrocarvone

trans
Ky

on dielectric constants. Experimental data: _

cis

points; calculations: solid line. 0

were found to be equal da =

-26.9 and

1.3. 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.

O
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Scheme 8. Reaction pathways of carveol hydrogenation

over Au/TiO, catalyst.
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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/TiO, catalyst at
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the same reaction conditions as for carvone.

In the case of carveol, the replacement of the C=0O group by C-OH led to a significant
decrease in the catalytic activity of Au/TiO; 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.

Isomerization products The lowest catalytic activity in

the corresponding C=C group
hydrogenation was obtained in
the case of limonene, which is a

Terpinclene o—Terpinene y-Terpinene
S=40% S=10% S=89% hydrocarbon and does not
—_—
possess any oxygen containing

Hydrogenation products

5 L/\ groups. The limonene
-)-Limonene
conversion after 21 h was about
14%, with its isomers being the

Menth-1-en Me“""—” -en Menth-2-en main products (Scheme 9). The
S=26% =90 7%

. ) ) ) limonene isomers, such as
Scheme 9. Limonene hydrogenation over Au/TiO,. Reaction

conditions: T = 373 K, p (Hy) = 9 bar, terpinolene, a-terpinene,
(-)-limonene (10 mmol), methanol (36 ml), Au catalyst
(336 mg, Au 0.3 mol % to substrate), 21 h. Product selectivity ~Y-terpinene, were formed with

(S) is presented for 14 % limonene conversion. . .
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%.
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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

o o}
‘y% é/ double bond hydrogenation presented in Figure 12 can
P —
] \ -

be envisaged. The predominant formation of trans-

A\

trans-Dihydrocarvone  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,

-is-Dihydrocarvone T
crs=Pry whereas to form cis-dihydrocarvone less favorable

Figure 12. Proposed mechanism for ,yia1 hosition of isopropylene group is required.

conjugated Cc=C double bond
Thus, gold was found to promote the stereo- and

hydrogenation in carvone over Au/TiO,.

chemoselective carvone hydrogenation to
dihydrocarvone with a predominant formation of the frans-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.
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Cl
NOCI NO  Rase NOH  H"/H,0 o
— — —
(+)-Limonene (+)-Limonene (-)-Carvone (-)-Carvone
nitrosocloride " oxime

Scheme 10. Industrial method of carvone synthesis.

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

oxime hydrogenation (Scheme 11).

NOH O 0]
Carvone oxime Carvone trans- and cis-
Dihydrocarvone

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

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 frans- and cis- dihydrocarvone was doubled

compared to carvone hydrogenation (Figure 14).
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Figure 13. Carvone oxime hydrogenation over Au/TiO,. 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).

trans-/cis-Dihydrocarvone

Substrate:
F--- - - ==- .
| \' I Carvone oxime
. 2
:o/o ot e \:\.\./.
4 l l
, |
1 !
I e
e, e : Carvone
|
___________ 1
T T T T T T T
0 200 400 600 800 1000 1200 1400
Time, min

Figure 14. Effect of substrate structure on frans-/cis-dihydrocarvone ratio. Reaction conditions:

T=373 K, p (Hy) =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 o-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 a-pinene isomerization to camphene, were demonstrated. Compared to a
conventional a-pinene to camphene transformation over acid-hydrated TiO, resulting in camphene
yields from 35% to 50%, gold on alumina catalyst was found to afford o-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/y-Al,O;
catalyst deactivation during a-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/ZrO, 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 #rans-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 frans- and cis-dihydrocarvone was observed. A
range of C;-C; 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.
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