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ABSTRACT. The present paper studies catalytic transformations of the terpene alcohols used in
the perfumery industry, transformation of geraniol on micro- and micro-mesoporous BEA-type
zeolites. Experiments were carried out with the use of various mass ratios of catalyst/geraniol (0.0075-
0.053 g/g), in the inert atmosphere (nitrogen, argon) and at temperatures from 27 to 150°C. The
analysis of the products of catalytic transformations was carried out by the gas chromatography —
mass spectrometry (GC-MS) method; conversion of geraniol, yield of products and selectivity were
calculated from experimental data. The reaction products contain mainly unconverted trans-
Geraniol, B-Linalool, trans,trans-Farnesol and (2E,6E)-6,11-Dimethyl-2,6,10-dodecatrien-1-ol, small
quantities of B-Myrcene, D-Limonene, trans-§-Ocymene, B-Ocymene, o-Terpineol, cis-Geraniol
(Nerol), cis-Isogeraniol, trans,trans,trans-Geranylgeraniol, p- and m-Camphorene (Dimyrcene), and
unidentified isomer of trans-geranylgeraniol are present. It is established that by one-pot method in
“zeolitic reactor” it is possible not only to receive long-chain Cis — C20 molecules, but to produce
macrocycles. © 2018 Bull. Georg. Natl. Acad. Sci.
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Catalytic transformation of terpene alcohols  were studied by us earlier for linalool with the use
Ci0Hi30 used in the perfumery industry (linalool,  of micro- and micro-mesoporous BEA-type
geraniol, nerol, etc.) includes not only  zeolites as catalysts [1]. Our next research [2] was
isomerization, but also their dehydratation,  devoted to consideration of catalytic transformations

cyclization and condensation. These processes  of geraniol on the same zeolites characterized

© 2018 Bull. Georg. Natl. Acad. Sci.
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Fig. 1. The polymorph A of BEA framework viewed along [010] and cross sections of wide and tortuous

channels [6].

by different chemical (Si0,/Al,O; ratio, total
acidity) and structural (surface area, micro and
meso pore volumes, amount of weak and strong
acid centers) properties. It has been established
that along with products of isomerization-
cyclisation (CioH;30) and dehydration (CioHie)
with higher

molecular mass are formed, and discussion of
opportunities of formation of long chains and

some substances Cis — Cyo

macrocycles on micro- and micro-mesoporous
BEA-type zeolite was a main objective of this
contribution.

Zeolite BEA (beta) based catalysts are
widely used for transformation of various
organic compounds [3, 4], and now various
forms of this zeolite are applied [5].

According to the data of the International
Zeolite

formula of zeolite beta is |Nay| [Al7Sis7O12s]-

Association [6], crystal chemical
*BEA, its microporous structure [7] is a hybrid
of two intergrowing polymorphs termed A and
B and having the three-dimensional 12-
membered ring pore system with two straight
channels, each with a cross section of 0.77 x
0.66 nm, parallel to [100] and [010], and a
channel of 0.56 x 0.56 nm, which runs along the
[001] direction. The polymorphs grow as two-
dimensional sheets and the sheets randomly
alternate between the two. The intergrowth of

the polymorphs does not significantly affect the

pores in X and Y dimensions, but in the Z direction
of the faulting, the pore becomes tortuous, but not

blocked. The hypothetical polymorph A is depicted
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in Fig. 1, where cross sections of channels are also
shown.

Compared with other zeolites, BEA has a high
density of stacking defects, which arise from the
successive interconnection of layers in the [001]
planes, where they link either in a left- or right-
handed fashion. When a tertiary building unit in a
layer rotates over 90° around the [001] direction
with respect to the next building unit, defects,
which contain partially coordinated aluminum, are
created [7, 8]. These stacking faults do not affect
the micropore volume, but do influence the
tortuosity of the channel along [001].

Open channels of the BEA-type zeolite have
rather big diameter for diffusion of comparatively
large molecules. Besides, the low content of
aluminum in the crystal structure leads to the fact
that the number of the compensating positively
charged ions located in channels is also small, and
cation don't interfere with penetration of organic

molecules into channels.

Materials and Methods
Reagent and chemicals. Geraniol (>97%, FG, trans-
3,7-Dimethyl-2,6-octadien-1-ol), nerol (97%, cis-3,7-
Dimethyl-2,6-octadien-1-ol), and racemic linalool
(97-98%, GC, (+)-3,7-Dimethyl-1,6-octadien-3-ol)
were purchased from Sigma-Aldrich (USA). Argon
and nitrogen (99.999%) were used as an inert
reaction medium, methanol (for HPLC, >99.9%,
Sigma-Aldrich) was used as a solvent.

Catalysts. Parent zeolites BEA-25 and BEA-
150 (Zeolyst International) were used in NHs and
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Table 1. Chemical and structural properties of catalysts

Catalyst BEA-25 RBEA-25 BEA-150 RBEA-150
n(Si02)/n(ALOs) 25.0 23.8 150.0 176.4

Sper (cm’/g) 558 721 539 822

V (cm’/g) 0.486 0.625 0.588 0.792
Vmicro (cm’/g) 0.164 0.125 0.151 0.139
Vimeso (cm?/g) 0.322 0.500 0.437 0.653
ao(NH:) (umol/g) 1200 1179 180 233
awea(NH3) (umol/g) 725 704 97 95
astrong(NH3) (umol/g) 475 475 83 138

H-forms, respectively. Preparation of micro-
mesoporous materials (RBEA-25 and RBEA-150)
and characterization of all four catalysts is given in
[1,2], the main characteristics are provided in Table
1, where, n(SiO2)/n(Al;Os) is molar ratio of silicon
and aluminum oxides in crystal structure, Sggr is
surface area calculated from the nitrogen
adsorption-desorption isotherms on the basis of
Brunauer-Emmet-Teller approach, specific total
pore volume V includes volume of micropores
Vicro and volume of mesopores Vimeso, and acidity
is calculated on the basis of temperature-
programmed desorption curves of ammonia and
expressed as total ammonia adsorption value
ao(NH3) consisting of adsorption of ammonia on the
weak acid centers awe(NH3) and the strong acid
centers asirong(NH3).

Hydrothermal treatment of BEA crystals was
carried out to generate a secondary system of pores
allowing shorter diffusion paths for the reactants
and the products within the crystal, and in both
cases (BEA-25—RBEA-25, BEA-150—RBEA-
150) the volume of mesopores has increased
approximately by one and a half times.

Geraniol conversion. Catalytic transformation
of geraniol was carried out in a liquid phase in a 50
mL three-necked round-bottomed glass flask with a
reflux condenser, a thermometer and with an inlet
for introducing an inert gas; experiments were
conducted on a magnetic stirrer with a heater under
solvent-free condition at temperatures in the range
of 27-150°C and under ambient pressure; duration
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of run was 1-2 h, catalyst mass — 0.01-0.07 g (mass
ratio of catalyst/geraniol from 0.0075 to 0.0523),
catalyst was separated by centrifugation.

Catalytic activity. The progress of the geraniol
conversion reaction and analysis of the reaction
products was carried out by the Gas
Chromatography — Mass Spectrometry method
(Agilent Technologies, 7890B/5977A, USA) in the
electron ionization mode, 70 eV. Helium as a
carrier gas and capillary column HP-5ms, Ultra
Inert, 30 m x 0.32 mm x 0.25 um, were used.
Analyses were carried out in the following program
mode: holding at 80°C for 5 min, heating to 210°C
at a rate of 30°C/min, holding at 210°C for 10 min.

Quantitative estimation of reaction products.
The relative content of the reaction products (Ci, %)
was determined using geraniol as an internal
standard, also the amount of linalool, geraniol, and
nerol was determined from corresponding
calibration curves. Conversion of geraniol was
calculated by the formula: Cgeraniol=(Minitial geraniol —
Munconverted geraniol)* 1 00/Minitial geraniol; the yield (Y,
%) and selectivity to products (Si, %) were
determined according to the formulas, respectively:
Yi=CixMgeranioX100/97xMi,  Si=100XYi/Cgeraniol-
Where, Mgeraniol 1s molar mass of geraniol, 97% —
its initial concentration, m is the mass of

substance.

Results and Discussion
data. The detailed

description of geraniol conversion is given in

Geraniol conversion
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work [2], the main conversion products of
BEA and micro-

mesoporous RBEA catalysts over 60°C are the

geraniol on microporous

following compounds:
Isomerization products CioHisO (mainly
the products of the double bond transfer in
geraniol and, to a lesser extent, cis-trans
isomerization): B-Linalool and Nerol, also a very
small amount (up to 0.6%) of cis-Isogeraniol
((32)-3,7-Dimethyl-3,6-octadien-1-ol) and
cyclic product a-Terpineol (up to 1.2%); the
selectivity of isomerization products decreases
with increasing geraniol conversion.
Dehydration CuoHie:

hydrocarbons a-Myrcene, B-Myrcene, a-Terpinolene,

products terpenic

D-Limonene, trans-B-Ocimene, [-Ocimene, -
Terpinene, 1,1,2-Trimethyl-3-(2-methyl-1-propen-1-
(4E,6Z)-2,6-

(allo-Ocimene);  the

ylidene)cyclopropane, o-Terpinene,
Dimethylocta-2,4,6-triene
selectivity of dehydration products increases with
increasing geraniol conversion.

Carbon-chain-extending products C14 and
C15 (sesquiterpe alcohols), selectivity of such
products has an extreme dependence on the
conversion of geraniol. Over the 400C diterpene
alcohols C20H340 are formed up to 2-3%, only on
the RBEA-25 and BEA-25 catalysts at 100-150°C
the formation of up tol.0-1.5% of monocyclic
diterpene alcohols (thunbergol) and up to 0.3-
0.6% of monocyclic terpene (cembrene) is
observed.

The first three ways of transformation of
geraniol are shown in the Fig. 2 where structures of
isomerization,

dehydration, and cyclization

products are given.
Geraniol has 4 rotatable C — C bonds and

energetically the most favorable conformation is
“extended” when the molecule has the maximum
length and the minimum “diameter” of approx. 3.8
A [9]. The same concerns isomers of geraniol and
acyclic products, but even for compounds with six-

membered cycles their effective diameter generally
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is defined not by the size of a ring, but of the gem-
dimethyl group, so all these products can be formed
in channels of the catalyst and move freely in them.
It is not so obvious to long-chain compounds and,
in particular, for macrocycles, and demands special

consideration.

Isomerization

7L QL
}

Dehydration products

o o O

PN
avihialhte
Cyclization . : : "

Fig. 2. Isomerization, dehydration, and cyclization of

geraniol.

Long-chain  compounds. According to
obtained experimental data, catalytic redistribution
and extension of the carbon chain results in
formation of (2E,6E)-6,11-Dimethyl-2,6,10-dode-
catrien-1-ol, C14H24O, and sesquiterpene alcohol
(2E,6E)-3,7,11-Trimethyl-2,6,10-dodecatrien-1-ol,
trans,trans-Farnesol, CisHxcO, from monoterpene
alcohol geraniol, which has a “head” at the methyl
group and a “tail” at the gem-dimethyl group [10]
and is freely moving in zeolite BEA channels.
Formation of sesquiterpene from monoterpene
can be presented if to assume that on the used BEA-
type zeolite catalysts a cracking of monoterpenes
takes place with formation of the isoprene units

CsHg joining to other monoterpene molecules

according to Ruzicka’s “isoprene rule”. It is more
difficult to understand formation of C;4H,4O, but
this compound, most likely, doesn't take part in

further transformations, and from this point of view
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Fig. 3. Produced long-chain molecules and zeolite 12-rings.

it is a little interesting. On the contrary, the
trans,trans-Farnesol can be involved in further
transformations as it happens to this substance in

the nature.

Fig. 4. Zeolite 12-ring and the thunbergol macrocycle

In biochemistry the trans,trans-Farnesol is
considered as the biogenetic predecessor of mono-, bi-
, and tricyclic sesquiterpenes, but such compounds are
not found among geraniol conversion products, but
diterpenic alcohols CyH34O — trans,trans,trans-
Geranyl-geraniol, p-Camphorene and unidentified
isomer of trans-Geranylgeraniol are present in
reaction mixture. The possibility of obtaining of
geranylgeranirol ~ from  farnesol by allylic
rearrangement under O=W(OR)4+ -Ligand catalysts
was shown in study [11].

The molecule of trans,trans,trans-Geranylgera-
niol has ten rotatable C — C bonds and variety of

conformations including the “extended” one with
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an effective “diameter” of approx. 4 A. In this case

the diterpenic alcohols formed in channels of the

catalyst can freely pass through the 12-rings and

diffuse not only in wide, but in narrow zeolite

like

Farnesol having seven rotatable C — C bonds.

channels, their predecessor trans,trans-
However, staying in energetically most probable
conformations [12], these molecules can move only
in a wide channels, as shown in Fig. 3.

Macrocyclic compounds. Among products of
conversion of geraniol there are monocyclic
compounds having the sizes (averaged “diameter”
of the Cy4-ring 6.8 A) comparable to the sizes of the
(SiO)12-ring of catalyst (see Fig. 4).

Formation of thunbergol and its isomer
isocembrol (1R,2E,4S,7E,11E)-4-Isopropyl-
1,7,11-trimethyl-cyclotetradeca-2,7,11-trienol,

CH340, in zeolite channels is possible by
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Fig. 5. Ways of geraniol transformation through farnesol into long-chain and macrocyclic molecules

transformation of trans,trans,trans-Geranylgeraniol
arranging bond between the C1 and C14 carbon
atoms, as it was shown earlier in [13]. Most likely,
formation of diterpenic alcohols is followed by
dehydration into  cembrene  (thunbergene,
(1E,3Z,6E,10E)-3,7,11-trimethyl-14-(propan-2-yl)
cyclotetradeca-1,3,6,10-tetraene, C20Hs2).

The proposed scheme of formation of long-chain
and macrocyclic molecules is submitted in the Fig. 5.

Conclusion

Thus, it is established, that by one-pot method
in “zeolitic reactor” it is possible to receive such
long-chain molecules as trans,trans-Farnesol and

Bull. Georg. Natl. Acad. Sci., vol. 12, no. 3,2018

(2E,6E)-6,11-dimethyl-2,6,10-dodecatrien-1-ol at
arelatively low temperature, and with selectivity up
to 37 and 52%, respectively. Moreover, trans,trans-
Farnesol attaches one more isoprene unit to form
the
Geranylgeraniol which can form a macrocycle of
thunbergol C»oH340, which is dehydrated into
diterpene thunbergene CyoHso.

long-chain molecule of trans,trans,trans-

This work was carried out under the Project
#217868 “The new approaches in synthesis of
geraniol, nerol, and citral” supported by the
Shota Rustaveli National Science Foundation of
Georgia.
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3. 30300300", (3. ©35903d30e0™, 0. 0356M3s8,
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*930@9000b 9360, 03569 x0935b0F30¢m0l bsbgenmdol mBogrobol bsbyerdfogm #boz9klbodgdo, 395609
d9crogodzoemol 30B03MHo s mH3sbwemo Joboolb oblBodedo, mdogrobo, bsgs®omzgenm

**03567 x935b0830¢v0b bsbyermdols mBogrobob bsbyerdfogm #bozgtlbodgdo, 39309 dgcrojodaocmol
R20B039G0 s MEgsbryemo Jodool oblHodwIH0, 0docrobo, bogstoggemm

§ @m3mbmbmzol dmlizmzol bsbyerdfogm «1bogg®lbodgdo Jodool 39329 G9G0, 306990306 ©s
3995¢r0bol 38mGsBHG0s, , Imb 3030, HXbgmol 390IGGOS

#bsb oggmb bsbgamdfiognem «b60396L0G B0 bogstoggenmdo, odogrobo, bsds®omgganm

003569 x0935b0Fz0¢m0b bobgemmdol mBogrobol bsbyerdfogm «1bog9Glbodgdo, bbd ©s

bs8w9b960L099439¢72 8936096985008 R332 A0, Jodoolb ©g3s6Hs09bBH0o, 0docrobo, bogstoggemm

§ommepgbom BEGsGosdo glfogeromos Lbsdmgdol [o®dmgdsdo gsdmygbgdmemo Ggm3gbmmo
L3oMEGHOL 39Mmbomeols 39GsEOBMGO @3MEsJdbgdo doghm- ©s dozhm-3gbmpmmmngsd BEA
$odob 3gmeomgdby.

H9M3gbmmo  3063gmso  B3oMGOL  gMsbommol  JsGowobmMo  3eMsgdbgdo
9gLfogeoos bGs@G03m® Lobdgdsdo, 0bghdmm (sSDmGo, SMHgmbo) asmgdmdo, Is@swmobs-
HMOOoLs ©s 39Mbomemols bgsalibgs dsbm®mo msbsgsmomdgdolomgol (0,0075-0,053 ¢/y) ©
27-150°C  ¢93390s@GMmmgdby. 36m©nBgdol sbsgwobo GHoMEgdm@s JOmds@mast-Ldgd@mm-
dBemmo  (GC-MS) dgompom;  gdudgmodgbdmmo  dmbsggdgdoEsb  gsdmomzgamgdms
30056omol  a5MEsgddbol bsmolbo, 3GmEmIGdol  gsdmbsgwosbmds ©s 3IMmEmMIGgdol
896mB93000Mds.

BHMbL-g9MbomeEols  gsMsgdbols  3GmEIBHIddo, d9MEs  FsMEsJdbgmo  GHGBL-
300360mols, ogm dobo ©Y30EMsGIEool 3Hhmomd@gdo — @GgMdgbmamo bsbdomfigserdsmgdo
CioHis, 39M5bomdo m®mdsgo ddol a50sbsE3egdols ©s 3oL-GMsbL-0bmIghobsgool ©s
53M9m39 (303603300l 3Mm©IGgd0 (B-wrobsgrmmemo, 3ob-agMsbomero, sbw bgbmeo ©s a-
H9M30bgmero);  bsbIoMdSIEMZBo  ¥sF30L  ©IFMAgEgdolL dEmEmddgdo — ULglggodgmadg-
690 B30MHEJd0 CisH260 ©d C14H240 (Ogbsdsdobs, GHMBL, GHGMBL-gs@bybmeno, sbwy (2E,6E)-
3,7,11- $600g0n0em-2,6,10-0mg35¢EHM0gb- 1-memo ©5 (2E,6E)-6,11-c00dg0m0e»-2,6,10-
©MEIY3HM0gb- 1-mer0); 330609 H3mEIbmdom — b5bH8oMHdIEOL §MAgmxsF3060 ©odEIM3gbwmo
LB3o®mEGHOL C20H340 ggmdgd@mmo 0BmIghgdo — GMBL, GHOBL, GHOBL-49MmBomygmsbommo ©s
BHMBL, BOBL- 39M6oEmobsemmeno; 3030 oGIM3gbol odotmEgbols (C2oHsz) 356Ms- ©d
3dg@s-0Dmdghgdo.
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3950 boGMMYPdB) RBEA-25 s BEA-25 100-150°C bgds s3@gomgg dmbmgogwmm®o
©o¢M3gbmmo L3omEGOL C20H340, mMbdyMMmOL (0bm-3gddMmerol, (IR,2E,4S,7E,11E)-4-
0Bm3IGhm3o-1,7,11- §6Hodgmom-303m@g@®s©g3s-2,7,11-GMmogbmmol) ©s  dmbmzozwm®o
Boh3gbols  CHs, 39ddG60L (I1E,3Z,6E,10E)-3,7,11-§6odgmo-14-(36m356-2-0am)  303em-
A9IH®50935-1,3,6,10-FgBHc5960) Fo®dmdabs.

50335050, JOOLIRIbMosbo  gbom  Jo@smobo@m@gdol BEA-150 ©s RBEA-150
»(39MoNG  HY5JGHMGT0”  TgEsMgdom v  GYA3gMsEMMIBY  GHMBL-3gMsbommo-
@36 bgds bsbdoMdsol gMmdgmxsdzosbo Lglzgzodgmdgbmmo B3oMmGIdoL CisHzO (GH®Msbl,
HOBL-gsMbgbmemo) ©s  CuH4O  (2E,6E)-6,11-00d90m0¢n-2,6,10-0m©935¢M096-1-mmo)
Mg 3MeEgdol GMsbL-0bmdghgdol Eslobmgbgds, dglsdsdols, dgMBggommdom 33 s 52%,
HmEs 39Mmbomerols 35MEsgddbols bseolbgdos 18-34 s 42-61%. 4GS S30Us, LogsMsm@ms, Hm3
0505¢r0 3753MOMdOL 39GsE0DGHMOgdDg BEA-25 05 RBEA-25 206560m@o@sb o@dmgdbon
HMBL, GHOBL-gs@bybmEwmsb 3ogg 9hoo 0Bm3Mgbmmo xamBol doghmgdom Fsmomogddbgds
ML, GHOBL, GHGOBL-ggMmbowag@mbomemo, Gmdgmog Fomdmgdbol mmbdgMmamaeol C20H340

0536m303cm®  dmeng3memsl, Gmdwol ©J30EMdGHIE00m J0omYds (F0gEMo  dmemg3uams
0bdgMaabo, C2oHsa.
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