Available online at www.sciencedirect.com

scIENcECJDIREcT® JOURNAL OF
CATALYSIS

‘= T
ELSEVIER Journal of Catalysis 225 (2004) 155-169
www.elsevier.com/locate/jcat

Cyclization of citronellal over zeolites and mesoporous materials
for production of isopulegol

Paivi Maki-Arvela? Narendra Kumat,Ville Nieminen?2 Rainer Sjoholn?,
Tapio Salmig and Dmitry Yu. Murzir?*

2 Laboratory of Industrial Chemistry, Process Chemistry Centre, Abo Akademi University, Biskopsgatan 8, 20500 Turku/Abo, Finland
b Laboratory of Organic Chemistry, Process Chemistry Centre, Abo Akademi University, Biskopsgatan 8, 20500 Turku/Abo, Finland

Received 25 November 2003; revised 12 February 2004; accepted 31 March 2004
Available online 12 May 2004

Abstract

Cyclization of (+)-citronellal was investigated over zeolites and mesoporousmais as well as on silica under a nitrogen atmosphere in
cyclohexane as a solventh@& highest cyclization rates were observed overapesous materials and 12-meerbd ring zeolites with high
Bransted acid concentration, while very low cyclization rates were achieved over silica with low or no Brgnsted acidity, respectively. At the
same a time low cyclization rate was observed over 10-membered ring pore H-ZSM-5 with a high Brgnsted acid site concentration, which is
due to diffusional limitation of the product in the narrow pores. The selectivity to cyclization products was very high over all the catalysts,
being independent of the conversion of citronellal. Neither concentration of the Brgnsted nor Lewis acid sites influenced the stereoselectivity
to isopulegol. The support structure had only a minor effect on the stereoselectivity. Quantum mechanical calculations were carried out
to explain the experimental results. The calculated stabilities of tHecationic reaction intermediates correlated well with the observed
stereoselectivity. The steoselectivities were analogousen starting from racemic canellal mixture or enantiopureH)-citronellal; the
former one gave 8 different pulegols, whereas only 4 pulegols were formed frpwittonellal.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction (—)-isopulegol, i.e., 92 and 94%, respectively. The major
drawback of Lewis acid catalysts is the environmentally un-
(—)-Isopulegol is an important intermediate in the pro- friendly processe$4]. The annual production capacity of

duction of ()-menthol [1]. In the cyclization of §)- (—)-isopulegol from §)-citronellal with ZnBp catalyst by
citronellal four possible stereoisomers of isopulegol can Takasago Co. is about 1100 tfij. This process converts
be formed Fig. 1). The high stereoselectivity to—)- (+)-citronellal quantitatively to £)-isopulegol. Recently

isopulegol is needed, because in the commercial produc-a tris(2,6-diarylphenyloxy)aluminium catalyst for the cy-
tion of (—)-menthol, ()-isopulegol is hydrogenated over clization of (+)-citronellal has been patented by Takasago
nickel catalyst. If the optical purity of{)-isopulegol is  Co.[5]. This catalyst is able to produce over 95% yield of
not high enough for the hydrogenation step, it should be (—)-isopulegol with stereoselectivities close to 100%.
improved by a recrystallization step close to 100%. The use of heterogeneous catalysts can be industrially a
The ene cyclization of )-citronellal to (-)-isopulegol  more attractive alternative for the production of fine chemi-
proceeds thermally at 18C giving 60% stereoselectiv-  cals due to the easy separation and reuse of these catalysts.
ity to (—)-isopulegol[2]. The same reaction proceeds over \oreover, the price of heterogeneous catalysts is gener-
Lewis acids, such as ZnBRrAICls, BFs, SbCh [3], giv- ally lower than that of homogeneous complexes. Addition-
ing high yields and selectivities of the desired product, ||y the use of heterogeneous catalysts allows more envi-
ronmentally friendly processes than homogeneous catalysts.
~ * Corresponding author. There exist some publications on the cyclization )
E-mail address: dmurzin@abo.fi (D.Y. Murzin). citronellal over heterogeneous catalysts, like zeo[ggssil-
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Fig. 1. Reaction scheme.

ica and mixed cogelg?], hydrous zirconid7], sulfated zir-
conia[8], supported ZnBr[9], and cation-exchanged mont-
morillonite [10].

Cyclization of citronellal is catalyzed by Lewj9-12]
and Brgnsted acid sitd$,7,13] Lewis acid sites are as-

[11] can be explained by the difference in the acidic groups.
ZrOy exhibits both Lewis and Brgnsted acid[&], whereas
Al,O3 as characterized contains only Lewis acid sfteg.
Very strong acids, like Amberlyst and Nafion favor cracking
and etherification reactions. According to Chuah ef 4.

sociated with coordinatively associated unsaturated metalthe desired heterogeneous catalysts for the ene cyclization

ions [14], whereas Brgnsted acidity is related to partially
positively charged surface OH groud%]. Very high yields
(98%) and stereoselectivities te-J-isopulegol (90%) have
been obtained over a #f-exchanged montmorillonite cat-
alyst [10], which acts as Lewis acid catalyst in acetoni-
trile. Additionally it was stated in the work of Ravasio et
al. [2] that the stereoselectivity te-)-isopulegol correlated
with the strength of the Lewis acid sites.3Alis a stronger
Lewis acid than Tit or Zr** and the obtained stereose-
lectivities to ()-isopulegol over AdO3z, SiIO,-TiO, and
SiO,—ZrO, were 70, 62, and 629%2]. Another supported
Lewis acidic catalyst, ZnBySiO,, was able to produce
maximally 86% stereoselectivities te-J-isopulegol[9]. It

of citronellal should have strong Lewis and weak Brgnsted
acidity.

Despite the industrial apgiation, the reaction mecha-
nism of citronellal cyclization is under debate. One proposal
for the reaction mechanism is the protonation of the carbonyl
group of citronellal after which a more stable carbocation
is formed via intramolecular rearrangement and the final
step is the deprotonation leading to formation of isopule-
gol [6].

The aim of this paper is to compare in a systematic
way different zeolites, mesoporous molecular sieves, as well
as silica as catalysts in the cyclization of)¢citronellal
(Fig. 1. The catalyst structure was varied in order to inves-

was, however, stated that the catalysts exhibiting residualtigate the existence of pore diffusion in the case of zeolites.

Zn(ll) sites were the most active in the cyclization &f)¢
citronellal. The ene cyclization ofH)-citronellal proceeds
very fast over sulfated zirconia, but the stereoselectivity to-
ward (—)-isopulegol was maximally 61%8]. High selec-
tivities to isopulegol (72%) accompanied with high reaction
rates were obtained over hydrous zircofyih The low sur-
face area acidic catalysts (i.e., Z)Owere also active in
cyclization[7]. Moreover, high ene reaction rates were ob-
tained with mixed Si@-Al,O3 cogels with maximum stere-
oselectivities about 72%2]. Interestingly AbO3z has not
been active in the cyclization of)-citronellal at 58 C[11].
The difference in the catalytic activity of ZegQ7] and AbO3

The particular choice of mesoporous H-MCM-41 was due to
its pores, high surface area,camild acidity. According to
the literature, MCM-41 is a potential catalyst for the synthe-
sis of fine chemicals. It has been used, for instance, in the
acid-catalyzed acetalization afD-glucose[18]. MCM-41

as well as the Ti-modified MCM-41 mesoporous silicate
were used in the cyclization of citronellal with high reaction
rates and selectivities (98%)9]. Another material tested
in the present study, H-MCM-22 is a new acid catalyst for
citronellal cyclization. Moreover, the detailed kinetic analy-
sis of the formation of different pulegol stereoisomers was
carried out. According to our knowledge the full kinetic
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curves for formation of different products have been reported carried out in a 300 ml autoclave at 180. Na-MCM-22
only in the work of Shieh et al[13], with, however, pro- product obtained after synthesis was washed with distilled
found menthone formatiorafound 30%) in addition to the  water, dried, and calcined at 55%0. The H-MCM-22 cata-
cyclization reaction. This result deviates from other cycliza- lyst was prepared by ion exchange of Na-MCM-22 with 1 M
tion results in the literaturfs,7], pointing out that probably ~ NH4ClI solution at room temperature for 48 h. BHNMCM-

the impurities in the raw matel, racemic citronellal, af- 22 obtained after ion exchange was dried and calcined at
fect the product distribution and the cyclization rate. Thus, 550°C for 4 h.

there is a need to investigate cyclization kinetics in detail. ~ The silica (Merck), alumina (UOP), NHY (Zeolyst

In addition to @)-citronellal also racemic citronellal was International), and Nitrmordenite (Zeolyst International)
used as a raw material in this work. Molecular modeling were commercial ones. The ammonium forms of the Y and
was used as a tool to explain the obtained stereoselectivi-mordenite were calcined using a muffle oven.

ties in pulegols as well as to elucidate the reaction mecha-

nism. 2.2. Catalyst characterization

The characterization of Na-Beta, Na-MCM-41, Na-Beta,
and Na-MCM-22 zeolites was carried out using an X-ray
powder diffractometer (Philips pW 1800), X-ray fluores-
cency (Siemens), scanning electron microscope, and a sorp-
tometer (Sorptometer 1900, Carlo Erba Instruments).

The quantitative determination of Brgnsted and Lewis
acid sites in H-Beta, H-MCM-41, H-MORD, H-Y,

2. Experimental
2.1. Catalyst preparation

Synthesis of the parent form of Na-Beta zeolite was
carried out as noted in the literatufe0,21] Ludox AS
?earégﬁ;é?%’mzﬁ?nm h?/lg:gl?;ee (ag‘i)e'aziegsgn)s'oliggn H-ZSM-5, H-MCM-22, alumina, and silica catalysts was
Fluka) were used as sources of silica, alumina, and organi,cperformEd using infrared spectroscopy (ATI Mattson FTIR)

1 idi 0, -
template, respectively. The gel was prepared by mixing of with pyridine (> 99.5%, a.r.) as a probe molecule. The cat

. . lysts were pr into thin wafers (10-12 n
the above reagents and transferred into a Teflon cup mserted’]l ysts were pressed into . are S.( 0-12/015°) a d

. : . evacuated at 450C for 60 min after which the adsorption of
into a stainless-steel autoclave. The autoclave was kept in

an oven heated at 13C€ and the synthesis was carried out pyndlne was carried OUt. at 10 for 30 min. The desorp
. . : . tion of pyridine was carried out at temperatures 20tand
under static conditions. The prodaobtained in the synthe- .
. . o spectra recorded at temperature 1Q0with a spectral res-
sis were filtered and washed thoroughly with distilled water. ) 1 e
. : . olution equal to 2 cm+. The quantification of the adsorbed
The zeolite was dried at 10€ and the organic template

was removed by heat treatment at 580 The Na-Beta ze- pyridine was based on the molar extinction coefficient for
olite was transformed to H-Beta by ion exchange with 3 pyridine determined by Emef6]. The dry catalyst weights

M NH4CI solution, followed by drying and calcination at were taken into accountin calculations, .
550°C. The surface areas of the fresh catalysts were determined

Synthesis of H-ZSM-5 was carried at 180 in an au- by outgassing the samples at 2@for 4 h. The spent cat-

toclave. The reagents were fumed silica (Aldrich), NaOH alysts were first dried at 10 for 15 h followed by out-

Merck), Al(OH)s (Aldrich), tetrapropylammonium bro- gassing at .ZOOC for 4 h. The Dubinin method was used
Enide (F)Iukag an)gl ofistilled \)Nater propy for calculating the surface area of H-MCM-22, H-Beta, H-

The Na-MCM-41 mesoporous molecular sieve was syn- ¥, H-ZSM-5, and H-MORD. The BET method was applied

thesized using the method noted in R4R2,23]at 100°C for calculating the surface area of H-MCM-41, silica, and
with tetradecyltrimethylammonium bromide (Aldrich) as a alumina catalysts.

surfactant, sodium silicate solution (Merck) as a source of _

silica, and sodium aluminate (Riedel Haen) as a source of2-3. Experimental setup

alumina. The synthesized material was washed thoroughly

with distilled water, dried at 100C, and calcined in an oven The cyclization of ¢-)-citronellal (~ 99%, Fluka 27478)
to remove surfactant at 54C. The Na-MCM-41 meso-  and citronellal (93%, Acros Organics 40529100) was car-
porous material was ion-exchanged with 1 M MH solu- ried out in an autoclaveW{ = 200 ml) under 10 bar ni-

tion, washed with distilled water to remove chloride ions, trogen (AGA) atmosphere at 9C in cyclohexane. The
and dried at 100C. H-MCM-41 was obtained by calcina- amounts of {)-citronellal, catalyst and solvent were 200,
tion of NHz-MCM-41 in an oven at 530C. 200, and 178 g, whereas in the cyclization of racemic cit-
Na-MCM-22 zeolite was synthesized as described in ronellal the corresponding amounts were 3 g, 200 mg, and
Refs. [24,25] Reagents used in the synthesis of MCM- 175 g, respectively. A direct comparison in the cyclization
22 were sodium silicate (Merck), hexamethyleneimine (Al- of (+)-citronellal or racemic citronellal was carried out over
drich), aluminum sulfate (Merck), distilled water, and sul- H-MCM-41 catalyst by using the same initial amounts of
furic acid (Merck). Synthesis of the MCM-22 zeolite was either the former or the latter raw material (200 mg). In ad-
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Fig. 2. Gas chromatogram from the separation of different compourts neaction mixture in a Cyclodex-B column. Components: (a}-}-reo-isopulegol;
2, (—)-isopulegol; 3, 4) iso-isopulegol; and 44)-neo-isoisopulegol, (b) 1, citnellal (both enantiomers); 2+)-isopulegol; 4, £)-isopulegol; 3 and 5, two
enantiomers of neo-isopulegol; 6 and 7, iso-isopulegol; 8 and 9,sé&mpulegol. The enantiomers afronellal were determined with thé-dex 225 column.

dition, some experiments with-)-menthone (90%, Aldrich  NMR analysis (JEOL JNM-LA400 spectrometer) were used
21823-5) were carried out unddret same conditions. The  in the identification of the samples.

catalysts were sieved and dried at 2@and the catalyst

particles below 63 pm were used in the experiments in or- 2.4. Molecular modeling

der to avoid mass-transfer limitations. The stirring rate was . o ) .

1500 rpm. The small size of catalyst particles and efficient The stabilities of the reaction intermediates, i.e., proto-

stirring assured that the experiments were performed in thenated_ cnronellals,. adapting a geometry, Wh'Ch after depro-
kinetic regime[27] tonation leads to isopulegol, as well as different isopulegol

isomers, were evaluated by quantum mechanical calcula-
Samples were taken regularly from the reactor and an- y q

. ; : tions. The equilibrium geometries were optimized by the
alyzed with a chiral column (Cyclodex-B (Agilent), length B L . o
60 m, diameter 0.254 mm, film thickness 0.25 pm). He- Hartree-Fock (HF) approximation with the 6-8G™ ba

i . is set using Gaussian98 softwd8]. Frequency calcu-
l'u_m was used as a carrier gas. The products were s.eparate tions were performed to ensure that obtained geometries
with the following temperature program: 88 (1 min), \yare energy minima on the potential energy surface. In case
0.3°C/min; 120°C (1 min), 15°C/min; 220°C (1 min) ot carbocations, single point energies were calculated with
with a split of 100:1 Fig. 2). The detector (FI) and the in-  gecond-order Mgller—Plesset perturbation theory (MP2). Al-
jector temperature were 280 and 28) respectively. The  though extensive conformation analysis was not carried out
isomers of the racemic citroliel were separated using a for the isopulegol isomers and it is possible that the obtained
B-dex 225 column (length 30 m, diameter 0.25 mm, film jsopulegol conformations are only local but not global min-
thickness 0.25 pm) and isothermal conditions at@3The ima, although the energy differences between reported val-
products were quantified by using the following standards: ues and global minima are presumably rather small. Cerius2
(—)-isopulegol & 99.5%, Fluka 59770), GC-MS, antH software was used in the illustratiof9].
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14000

Table 1
12000 A The specific surface areas of different catalysts
10000 4 Catalyst Specific surface area Specific surface area
of fresh catalyst of spent cataly$t
& 60001 (M*/gear) (m*/gear)
& so004 H-Beta-1£:P 657 43%F
H-MORDP 605 n.m.
40001 H-YP 1214 n.m.
i H-ZSM-5? 47¢ n.m
H-MCM-412b 902 46°
0 . ; : . H-MCM-22° 5061 n.m
o 2 4 8 g 1c Alumina? 29F n.m
n Silica®P 37 358
Fig. 3. X-ray powder diffration pattern of Na-MCM-41. a Cyclization of (+)-citronellal.

b Cyclization of racemic citronellal.

. . C After cyclization of racemic citronellal.
3. Resultsand discussion d Dubiniﬁ_

€ BET isotherm, n.m. not measured.
3.1. Characterization results
of Beta zeolite and H-MCM-41 are shown Kig. 5 The

The X-ray powder diffraction patterns of Na-Beta, Na- absorption bands of pyridinium ion of adsorbed pyridine cor-
MCM-41, and Na-MCM-22 zeolites synthesized in the lab- responding Brgnsted acidity is at 1545 thhwhereas the
oratory were similar to those reported in the literature. Itwas adsorbed pyridine is on Lewis acid sites at 1452 ¢mit
inferred from the XRD data that the zeolites synthesized should be pointed out that in case of H-MCM-22 and H-Beta
were highly phase pure having structures of that of Beta, two peaks appeared corresponding to Lewis acidity, i.e., the
MCM-41, and MCM-22. The XRD patterns of Na-MCM-41 peaks at 1452 and 1448 chh
and Na-MCM-22 zeolites are given Figs. 3 and 4 The amount of Bransted acid sites decreased in the fol-

The specific surface areas of the catalysts measured bylowing order: H-MORD> H-Y >> H-MCM-22 > H-Beta>
nitrogen adsorption are shownTable 1 The highest spe-  H-MCM-41 >» alumina {Table 2. H-MCM-41 has low
cific surface area was observed for H-Y zeolite. The meso- Brgnsted acid site density compared to H-MCM-22 and
porous H-MCM-41 had the second highest specific surface other zeolites. No Brgnsted acidity as expected was observed
area, after which the specifurface areas decreased in the on silica. The amount of Lewis acidic sites decreased as
following order: H-Beta> H-MORD > H-MCM-22 > H- follows: H-MCM-22 > H-MCM-41 > H-Y > alumina:>
ZSM-5 > silica > alumina. The spent H-MCM-41 catalyst H-Beta> H-MORD > silica.
showed substantial decrease in the surface area after 3 h
reaction, indicating pore blockage by organic compounds 3.2. Catalyst testing results
and coke formation. The catalyst deactivation is discussed
in Section 3.2.2.5 3.2.1. Cyclization of (+)-citronellal

The amount of Brgnsted and Lewis acid sites was mea- Cyclization of ¢)-citronellal was performed over four
sured by FTIR with pyridine as a probe molecule. Spectra representative catalysts, namely H-MCM-41, H-Beta,
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Fig. 4. X-ray powder diffratton pattern of Na-MCM-22.
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Fig. 5. FTIR spectra of adsorbed pyridine on H-Beta and on H-MCM-41
catalysts. A solid line corresponds to H-Beta and a dashed line to H-MCM-
41.

Table 2
Concentration of the Brgnsted and Lewis acid sites in different catalysts

Catalyst Brgnsted acid sites Lewis acid sites
(Mmol/gcat) (Mmol/gcat)

H-Beta-11 183 128

H-MORD 294 109

H-Y 291 165

H-ZSM-5 374 96
H-MCM-41 89 168
H-MCM-22 187 175

Alumina 7 156

Silica 0 7

Desorption of pyridine carried out at 20C.

H-ZSM-5, and silica catalyst, which have large differences
in specific surface areas, in concentration of acid sites,
as well as in pore sizes. The major products were four
stereoisomers of isopulegols formed froms){citronellal
(Fig. 29. The maximum selectivity to pulegols was very
high over all catalystsTable 3. This result is in accordance
with the work of Ravasio et a[2], where the selectivity to
pulegols was 100% in the cyclization ofJ-citronellal over
SiO,—Al,03 cogel catalyst and Si§) Al,03. The detailed

P. Mé&ki-Arvela et al. / Journal of Catalysis 225 (2004) 155-169

tion as well as from stereoselectivity and product distribu-
tion.

3.2.1.1. Initial cyclization rates of (+)-citronellal. The
main products were four different pulegols originating from
(+)-citronellal Fig. 2). The amount of other enantiomers
of pulegols originating principally from-{)-citronellal was
zero or very close to zero. The initial reaction rates decreased
in the following order: H-MCM-41> H-Beta > H-ZSM-

5 > silica (Table 3. When comparing the initial reaction
rates with the acid site concentratio@ple 2 no correla-
tion was observed. The higher initial rates over H-MCM-41
compared to H-Beta might originate from the pore diffu-
sion over H-Beta catalyst, because H-MCM-41 has larger
pores than a zeolite. Very low initial cyclization rates were
observed over H-ZSM-5 and silica. Despite the high concen-
tration of Br@nsted acid sites in the former catalysttle 2,

the cyclization rate was lowyhich indicates the existence
of pore diffusion limitations over the H-ZSM-5 having 10-
membered zeolite rings. The results from molecular model-
ing confirmed the problems for isopulegol to penetrate inside
H-ZSM-5 (Fig. 10 MFI and FAU correspond to H-ZSM-5
and Y-structures; seBection 3.2.1.% The same limitations
apply for the carbocationic intermediates, which are of the
size of corresponding isopulegol isomers. Over silica cata-
lyst, the low initial reaction rate can be explained mainly by
the absence of Brgnsted acid sites and additionally the low
Lewis acid site concentratioffidble 2.

It is concluded that the main products were the four isop-
ulegol isomers originating from-{)-citronellal and there
was no correlation in the initial cyclization rates and the acid
site concentrations. Over H-ZSM-5 catalyst very low initial
cyclization rates were observed and these are caused by the
diffusion limitations of isopulegols.

3.2.1.2. Conversion levels of (+)-citronellal at prolonged
reaction times. The conversion after 3 h reaction time in
the cyclization of ¢)-citronellal is in the following order:
H-Beta-11> H-MCM-41 >» H-ZSM-5 > SiO;,. The first
two catalysts were very active in converting)¢citronellal,

results and discussion are given below based on initial cy- whereas silica and H-ZSM-5 yielded to relatively low con-

clization rates, conversion levels, comparison of initial rates
and conversion levels, sideactions, and catalyst deactiva-

Table 3
The initial reaction rates and stereoselectivity t9-{sopulegol, the maximum
over different catalysts in the cyclization of J-citronellal

version levels. Despite the fact that the H-MCM-41 catalyst
was more active than H-Beta catalysig. 63, the final con-

yield of)-isopulegol and the maximum amount of other products formed

Catalyst Initial reaction Conversion Max stereoselectivity to The total yield of Max yield of Max amount of
rate after 31 (—)-isopulegol pulegol$ (—)-isopulegol other product®
(mmol/(min geay)) (%) (%) (%) (%) (%)

H-Beta-11 18 100 71 95(75) 71 6

H-ZSM-5 004 26 64 25(64) 16 1

H-MCM-41 6.0 99 67 89(67) 60 28

Silica 003 14 73 10Q73) 13 1

The reaction time was 3 h. Maximum selectivities to pulegols is 100%.

a At the stereoselectivity level correspondingnax yield of isopulegols given in parentheses.
b The two major products are 4-methyl-1-(2-propyl)cycieéige and 4-methyl-(1-methylethylidene)cyclohexene.
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Fig. 6. (a) The conversion ofH{)-citronellal and (b) stereoselectivity of
(—)-isopulegol as a function off)-citronellal conversion at 90C in cy-
clohexane over H-Beta zeolite, H-ZSM-5, silica, and H-MCM-41. Symbols:
(m) H-MCM41, (x) H-Beta, @) SiO, and @) H-ZSM-5.

version of {+)-citronellal never reached 100%, which was
the case over H-Betdéble 3. Low conversion levels were

161

sion limitations over a 10-membered zeolite structure as well
as due to the catalyst deactivation.

3.2.1.3. Sdereactions in the cyclization of (+)-citronellal.
In the cyclization of §¢)-citronellal the highest amounts
of side products were formed over H-MCM-41 and H-
Beta over which very high conversions were achieved. De-
spite a very high concentration of Brgnsted acid sites in
the H-ZSM-5 catalyst, only traces of side products were
formed, but the conversion level after 3 h over this cat-
alyst remained at 26%Téble 3. The major dehydra-
tion products over the H-Beta zeolite and H-MCM-41
were 4-methyl-1-(2-propenyl)cyclohexene and 4-methyl-(1-
methylethylidene)cyclohexene confirmed by GC-MS. The
formation of dehydration products did not correlate with the
catalyst acidity. Besides dehydration products traces of di-
isopulegyl ethers, which were formed by the addition of one
isopulegol molecule to another one (dimer), were found over
the H-MCM-41 catalyst as well as over the H-Beta catalyst
with mass numbers 292 and 308, respectiveéig(8). The
ether formation was observed in the cyclization of racemic
citronellal over zeolite catalys{8].

The main side reactions in the cyclization ef)¢citronel-
lal were dehydration and isomerization. The yield of side
products was maximally 28% over H-MCM-41. Addition-
ally traces of di-isopulegyl ethers were observed within the
reaction products.

3.2.1.4. Comparison of the initial reaction rates and the
conversion levels of (+)-citronellal. In the cyclization of
(+)-citronellal there was a decreasing trend in the final con-
version with decreasing initial cyclization ratdaple 3.
However unexpectedly low final conversions were obtained
for (+)-citronellal over H-ZSM-5 Table 3. This phenom-
enon can originate from theftiérences in reaction kinetic
over different catalysts as well as from the catalyst deacti-
vation behavior. In the cyclization ofH{)-citronellal over H-
MCM-41 and H-Beta the initial reaction rates were high and
very high conversion levels were obtained. However the cy-
clization proceeded over H-Beslightly slower than over H-

obtained over silica, exhibiting a very low concentration of \cM-41. The reason for this might be the existence of pore-

acid sites Table 9. At the same time, conversion was also
low over the H-ZSM-5 catalyst, which exhibited high Brgn-

diffusion limitations of organic molecules in the Beta zeolite
structure, which has a three-dimensional network of 12-MR

sted acid site concentrations. Pore-diffusion limitations and pores with diameters of.66 x 0.67 and 056 x 0.56 nm
possible catalyst deactivation can be the reasons for low con-{30]. The low conversion level of)-citronellal over the

version levels over the H-ZSM-catalyst (H-ZSM-5 catalyst
exhibits MFI structure; seBig. 10. Analogous results over
H-ZSM-5 catalysts wer@btained by Shieh et a]13], al-

H-ZSM-5 catalyst originates most probably from the diffu-
sional limitations of isopulegol in the structure of H-ZSM-5,
which were demonstrated by molecular modelifgg( 10

though in that work the starting material was a racemic cit- where MFI corresponds to H-ZSM-5). The low intrinsic re-

ronellal.

action rates observed over silica resulted in low conversion

As a conclusion, it is stated that high conversion levels levels of (+)-citronellal. The illustration of the size of the

of (+)-citronellal were achieved over H-Beta and H-MCM-

isopulegol molecule compared to the pore aperture of FAU

41 catalysts, whereas silica and H-ZSM-5 were not active and MFI structures is given ifrig. 10 (FAU corresponds
catalysts in this reaction. The drawback in silica is the low to Y-zeolite, which was investigated in the cyclization of

acid site concentrations, whereas the low conversioa-f (
citronellal achieved over H-ZSM-5 is partially due to diffu-

racemic citronellal). Isopulegol is illustrated by the CPK
model, which displays spheres sized to the van der Waals
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radii. The pore apertures are illustrated by a Connolly sur-
face. The cavities of the FAU structure are adequate to fit & ,5 |
the isopulegol molecule inside, but this is not the case in £ LB
the MFI structure. The pore wall and hydrogen atoms of §20 E
isopulegol overlap. Hence, itis reasonable to assume that de-5 x
pending on the pore-size, diffusion of isopulegol can play an
inhibiting role in the cyclication reactions of citronellal. It is
concluded that the low conversion of enantiopure citronellal 5 107 x om .
over H-ZSM-5 catalyst is due to pore-diffusion limitations =
of isopulegol as shown by molecular modeling. '
As a conclusion it is stated that the most suitable cat- 0 Le%—o2 : : :
alysts for cyclization of {)-citronellal were H-Beta and 0 20 40 60 80
H-MCM-41, which were able to convert)-citronellal to- Yield of (-)}-isopulegol (%)
tally or close to 100% conversion. Over silica and H-ZSM-5 @)
catalysts relatively low conversion levels were obtained. In 10
the former case the catalyst exhibited a very low acid site __
concentration, whereas in the latter catalyst the existence of
pore diffusion combined witltatalyst deactivation yielded
to low conversions.
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3.2.1.5. Sereoselectivity and product distribution within
pulegols. The stereoselectivity of-)-isopulegol defined
as the amounts of)-isopulegol divided by the molar
amount of all the pulegols was determined by NMR spec-
troscopy[31]. The stereoselectivity to the desired product,
(—)-isopulegol, is around 70% starting from enantiopure

citronellal. The major product is—<)-isopulegol and the 0 20 Yield of (-)-iigpulegol %) 60 80
second major product isH)-neo-isopulegol following by b)

(+)-iso-isopulegol and-£)-neo-isoisopulegol. The product

distribution of pulegols is shown iffable 6 Chuah et al. Fig. 7. The yield of (a) neo-isopulegol and (b) iso-isopulegol as a function of
[7] also reported analogous product distribution of different (-)-isopulegol over different catalysts in the cyclization @){citronellal.
pulegols compared to this work when starting from either Symbols: @) H-MCM41, (x) H-Beta, @) SiO, and @) H-ZSM-5.
racemic citronellal or)-citronellal.

The kinetics of formation of different pulegols has not
been previously investigated in detail, only analysis of the
productratio at one point has been repofigdin this work,
it was possible to separate all the pulegols and thus the for

]
X H EHEE
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X e o oom

Yield of (-)-iso-isopulegol

*00 0 © Xe
0 * T T T

Table 4
The relative energies of the isopulegol isomers calculated by optimized
structures

mation of different pulegols can be presented as a function M2ec4e Energy in kimol

of reaction time. The yields off)-neo-isopulegol and-)- x_'iss‘;gﬂl‘z%‘zl 42

isopulegol as vyell as—()—|so-|sop_ulegol ang{)—lsopulggol eae-neo-isopulegol 15

are shown inFig. 7. The formation of {)-isopulegol iso- aea-neo-isopulegol 38

mers correlates with the stabilities of the carbocationic re- eea-iso-isopulegol 19

action intermediatesTables 5 and 6 The results indicate ~ aae-iso-isopulegol 23

the parallel formation of these pulegols. At longer reaction 26 neoiso-isopulegol 31
eaa-neoiso-isopulegol 17

times the stereoselectivities varied over mesoporous cata _ _ _

lysts due to side reactions. From the mechanistic point of ~of ach isomer two different conformations are concerned. Letiansie
. . . . . . . indicate axial or equatorial position of the substituent in the cyclohexane

view it was important to investigate possible interconver- ring in the following order: isopropylene, hydroxy, and methyl. Cyclo-

sion of pu|ego|S, which was addltlonally inVeStigated with hexane ring has chair conformation in all cases.

(—)-isopulegol in cyclohexane at 9C. Absence of any re-

actions confirms that there is no interconversion between dif-

ferent pulegols in cyclohexane at the reaction temperature.of isopulegol. This was not observed. The linear ratio be-

It is notable, that interconversion between different isomers, tween the yields of-{)-neo-isopulegol and<)-isopulegol,

i.e., epimerization, requires bond breakage and formation.defined ast = ynip/yip, gave the value fax = 0.4, whereas

If epimerization occurs with alv activation energy barrier,  the corresponding value fgt giving the ratio between the

the product distribution should be proportional to the sta- yields of (—)-iso-isopulegol and-)-isopulegol, defined as

bilities of the isopulgol isomers, resulting in almost 99% S = yyp/yp was 0.1.
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Table 5
Relative energies (HF/6-31G**//HF/6-31+G**/MP2) and Bolzmann dis-

tribution of the carbocationic intermeades, i.e., protonated isopulegols (see
Fig. 9), which after deprotonation lead corresponding pulegol isomers OH
Relative energy Bolzmann
(kJ/mol) istributi 0 0

distribution
Protonated eee-isopulegol .00 0.77 “ AN
Protonated eae-neo-isopulegol .05 0.15 @) (b)
Protonated eea-iso-isopulegol A7 0.07
Protonated eaa-neo-iso-isopulegol a4 001 Fig. 8. Di-isopulegyl ethers wittmass (a) 308 and (b) 292 formed over
H-MCM-41.
Table 6
The stereoselectivity ratio for different pulegols at given conversion level in - Citronellal. The relative stabilities of these protonated isop-
the cyclization of ¢)-citronellal ulegol intermediates are given in tiiable 5 The Bolzmann
Catalyst Ratio ofip:ynip:yIP:yNIP (%) distribution of the protonated isopulegols, which is propor-
H-Beta-11 68:27:54 tional to the presence of each protonated isopulegol interme-
H-ZSM-5 67:22:11:8 diate species in the reaction mixture, is giverTable 5as
H-MCM-41 64:27:7:2 well. It is notable that in the table it is assumed that only
Silica 67:27.7:2 these four species exist; however, this is not the case in re-
a 959 conversion level. ality. An evident correlation exists between stereoselectivity
b 10% conversion level. and distribution of the reaction intermediat&alfles 3, 5,

and §. These results suggest that stereoselectivity to differ-

The relative stabilities of the fierent isopulegol isomers  ent isopulegol isomers is based on the stability of the car-
are given inTables 4 and 5All isomers were supposed bocationic reaction intermediates (protonated isopulegols)
to adopt a chair conformatiomd thus, two conformations leading to a corresponding stereoisomer (isopulegol). How-
have been optimized for each isomer. Isopulegol conforma- ever, these calculations overestimate the proportion of the
tion, in which all substituents of the cyclohexane ring are in isopulegol isomer and underestimate the proportion of other
equatorial position, is about 15 k&iol more stable than the  isomers, respectively.
other three isopulegol isomers, each of them in the moststa- It can be concluded that the stereoselectivity t6)-(
ble conformation. This is understandable, since substituentsisopulegol was independent of the concentration of Brgnsted
in equatorial position possess less steric hindrance compare@nd Lewis acid sites as well as on the specific surface area
to substituents in the axial position. Only isopulegol can of the catalyst. Additionally stereoselectivity was constant
adopt a conformation, in which all substituents are in equa- during (+)-citronellal conversion. The main stereoisomer
torial position. The most stable conformations of the other was ()-isopulegol followed by+{)-neoisopulegol,€)-iso-

isomers are almost equal in energy. isopulegol, and-£)-neo-isopulegol. There was no intercon-
The reaction scheme of isopulegol formation by the pro- version between different pulegols and from a mechanistic
tonation of citronellal is given ifrig. 9. Protonation of cit- point of view it can concluded that different pulegols are

ronellal by Brgnsted acid leads to a protonated citronellal. formed in parallel. The carbocation stabilities of the reaction

These species are readily trasised into “more stable car-  intermediate correlated with the observed stereoselectivity

bocations” by intramolecular rearrangement (i.e., cycliza- ratio.

tion in this case), as proposed by Fuentes e{Gl. The

formed carbocations have the same structure as the four pos3.2.2. Cyclization of racemic citronellal

sible isopulegol stereoisomers and the deprotonation of each3.2.2.1. Qualitative kinetics. Cyclization of racemic cit-

carbocationic species leads to a corresponding isopulegolronellal was carried out over seven different cataly3es (

isomer. Thus, the reaction intermediate species are namedle 1). The main products were four enantiomer pairs of
s “protonated isopulegols,” although they are formed from different pulegols, when atting from racemic citronel-

Formation
of a more
stable
" carbocation
_HH -H*
OH OH
+

citronellal protonated citronellal protonated isopulegol isopulegol

Fig. 9. Reaction scheme for isopulegol formation via carbenium ion intermediates.
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Table 7
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The initial reaction rates, conversion levels, and maximum selectivitiesopulegol starting from different reactant and different initial cantrations of

racemic citronellal over H-MCM-41 catalyst

Reactant Initial concentration Initial reaction rate Conversion Max stereoselectivity
of reactant (M) (mmol/(min gcat)) after 3 h (%) to isopulegol (%)

Racemic citronellal 065 0.7 100 7¢

Racemic citronellal a 22 97 68

(+)-Citronellal Q0065 6.0 99 67

@ The starting material, racemic citronellal, cained initially 8 mol% isopulegols and the convierslevel was calculated from the formed prodiict

b (+)-isopulegol.
¢ (-)-isopulegol.

Table 8

The initial reaction rates and the maximum selectivities=tQ-isopulegol, the maximum yield of isopglel and the maximum amount of other products
formed over different catalysts in the cyclization of ragewitronellal. Maximum selectivities to pulegols is 100%

Catalyst Initial reaction rate Conversion Max stereoselectivity The total yield of Max yield of Max amount of other
(mmol/(min geat)) after 3 h (% to (£)-isopulegol (%)  pulegols (%Y isopulegol (%)  products after 3 h (%)

H-Beta-11 3H 71 72 69(66) 48 1

H-MORD 4.3 85 67 76(63) 48 10

H-Y 7.0 98 67 95(65) 62 3

H-MCM-41 22 97 68 9468 64 21

H-MCM-22 19 100 67 8267) 55 18

Alumina 003 10 72 17(72) 12¢ 0

Silica 005 5 72 10(70) 7€ 2

@ The starting material, racemic citronellal, cained initially 8 mol% isopulegols and the convierslevel was calculated from the formed prodct
b At the stereoselectivity level corresponding to max yield of isopulegolsngiiv parentheses, whereas the pulegols yields include both initialramas

well as the formed amounts of pulegols.
€ Thus the yields can be larger than the total conversion.

d The two major products are 4-methyl-1-(2-propyl)cychoéree and 4-methyl-(1-methylethylidene)cyclohexene.

lal (Fig. 2b. The catalyst screening in the cyclization of
racemic citronellal was affoable to perform with the ini-

tial citronellal concentration of 0.1 M. Before starting the
catalyst screening a directrmparison between the cycliza-
tion of (+)-citronellal and racemic citronellal was, however,

tion 3.2.2.4. Lower selectivities to pulegols have been re-
ported in the cyclization of racemic citronellal over zeolites
and MCM-41 catalysts, where the major by-product was
menthone (30%), formed over MCM-41 and two types of
zeolites, H-ZSM-5 and H-Beta as well as over AI-MCM-

carried out with the same initial concentrations of reactants 41 [13]. According to GC-MS analysis, no menthone was

(0.0065 M) over H-MCM-41 catalysts. The results from
the comparison of the cyclization from-§-citronellal and
racemic citronellal are shown imable 7 It can be seen
from Table 7that the initial cyclization rates over racemic
citronellal were about 8.6 times lower than starting from
(+)-citronellal. The difference in the initial rates most prob-
ably originated from the presce of racemic citronellal of

formed in this work. Experiments in the present study have
been carried out under vigorous stirring in cyclohexane un-
der nitrogen at 90C, while the data of Shieh et §lL3] were
acquired in a glass reactor at 80 in toluene under air and
the raw material contained, in addition to citronellal, also
8.6% of impurities. Additionally the reaction of menthone
was investigated in the present work under the same reac-

other than pulegols impurities. This reasoning is based ontion conditions ovep-zeolite and no reaction was observed.

the experimental data that isopulegols were not limiting the
cyclization rate over different catalysts. The maximum stere-
oselectivities to either #)-isopulegols or {)-isopulegol
were not, however, affected by starting from racemic or
(+)-citronellal. Additionally the initial cyclization rate of
racemic citronellal was increased by factor 31 when the ini-
tial reactant concentratiowas increased 15-foldéble 7,
which indicated weak adsorption of citronellal on the cata-
lyst surface.

The selectivities to pulegols were very high over H-Beta,

The major products in the cyclization of racemic citronel-
lal were 8 isomers of citronellal and no menthone forma-
tion was observed. High selectivities to cyclization were ob-
served over H-Beta, H-Y, silica, and alumina, whereas more
side reactions occurred over H-MORD, H-MCM-41, and H-
MCM-22.

3.2.2.2. Initial cyclizationratesof racemiccitronellal. The
initial cyclization rate of racemic citronellal was about 3
times higher over mesoporous catalyst and H-MCM-22 than

H-Y, alumina, and silica catalysts, whereas dehydration and over the most active zeolite, H-YTéble §. Interestingly it
isomerization reactions took place to a larger extent over can be seen that the presence of 12-membered rings in H-

H-MORD, H-MCM-41, and H-MCM-22 Table 8 Sec-

MCM-22, which also has 10-membered rings, is enough for
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FAU

165

MF1

Fig. 10. Image of the isopulegol molecule inside the pores of FAU and M&ttsires. Isopulegol is illustrated blget CPK model, which displays sphere
sized to the van der Waals radii. The porersyres are illustrated by a Connolly surface.

catalyzing the cyclization of citronellal. Two other zeolite
catalysts, H-Beta and H-MORD, exhibited half the reaction
rate of H-Y. Very low cyclization rates were observed over
Al203 and SiQ catalysts. Analogous results with low cat-
alytic activity of Si& in the cyclization of citronellal were
reported by Chuah et aJ7]. The low activity of silica is

due to the lack of Brgnsted acid sites. The importance of

Brgnsted acidity was demonstrated in the work of Kropp
et al. [17], where silica gel was used as a catalyst in the
cyclization of citronellal and the addition of adsorbed phos-
phoric acid enhanced the cyclization rate of citronellal. The
Al,O3 catalyst used in this work had very low Brgnsted
acid site density, which indicas that Lewis acidity alone

is not enough to achieve high reaction rates. The initial cy-
clization rates over H-MCM-41 and H-MCM-22 were high

compared to the rates obtained over H-Beta, H-Y, and H-

MORD, which had high concentration of Brgnsted acid site.
The reason for apparently high activity can partially be the
lack of diffusion limitations of organic molecules, when us-
ing the former catalysts.

The low initial cyclization rates over silica and alumina

are clearly due to low concentrations of Brgnsted acid sites.

As a comparison, no catalytic activity was observed in the
cyclization of @)-citronellal over alumina and silica at
58°C [11]. As noted above the high initial reaction rates

was accessible to investigated zeolites, while with citronellal
and/or isopulegol diffusional limitations might exist due to
their dimensions. Additionally it should be pointed out that
pyridine, which was used in this work as a probe molecule
in acidity measurements, is si@ally a more representative
molecule than ammonia.

It can be concluded that high initial reaction rates can
be achieved with the catalysts having large pores and
enough Brgnsted acid sites to catalyze citronellal cycliza-
tion.

3.2.2.3. Conversionlevelsof racemiccitronellal. The con-
version of citronellal using racemic citronellal was calcu-
lated taking into account the initial amount of isopulegols
(8%) in citronellal Table 8 Fig. 118. The conversion of
citronellal after 3 h reaction decreased in the following or-
der: H-MCM-22 > H-Y > H-MCM-41 >» H-MORD >
H-Beta-11> Al203 > SiO,. Very low conversions over
Al,03 and SiQ can be explained by the low concentra-
tion of Brgnsted acid sites, but with other catalysts there
was no correlation between thatalyst acidity and the final
conversion level. Moreover, the final conversion was not cor-
relating with the specific area of the catalyst. The difference
of activities over Beta zeolite when using racemic citronel-
lal or (+)-citronellal might be due to the reactant purity; i.e.,

could be obtained over catalysts having large specific surface(+)-citronellal was more pure than racemic citronellal. The

areas, like H-MCM-41 and HMCM-22. One exception was,
however, H-Y, which exhibited the highest specific surface
area, but the initial reaction mtvas relativly low. Although

the results of molecular modeling show that isopulegol fits
inside Y-zeolite structureHg. 10, FAU) the presence of
pore-diffusion limitations cannot be excluded. The pore of
FAU consists of a circular 12-ring channel with a window

main impurities in the racemic citronellal were isopulegols
according to GC-MS analysis. Isopulegols are from a cat-
alytic point of view reaction products. The trace amounts
of other impurities remained unidentified. The difference in
the final conversion level in the cyclization of eithef)¢
citronellal or racemic citronellal is, however, not due to the
presence of pulegols, because very high conversioa-pf (

diameter of 0.74 nm connecting almost spherical 1.18 nm citronellal was obtained over-Beta catalysts. An explana-

cavities (supercage§30]. In the previous study of Fuentes
et al.[6] on the cyclization of citronellal the correlation be-
tween activity and acidity was also noted. However in Ref.

tion is that the other impurities than pulegols in racemic cit-
ronellal might deactivate the Beta catalysts. Comparison
of the catalytic performance tiie H-Beta catalyst revealed

[6] the acidity was measured by ammonia adsorption, which that it is dangerous to draw any conclusions regarding the
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Fig. 11. (a) Conversion of citronellal ar{B) stereoselectivity of isopulegols as a function of citronellal conversion a€96a cyclohexane over different
catalysts. Symbolsl) H-MCM41, (x) H-Beta, ©) H-Y, (®) H-MCM-22, (o) H-MORD, () Al,03 and @) SiO,.

reaction mechanism, when diag from racemic citronellal ~ dangerous to draw any conclusions from the reaction mech-
and not taking into accountedctivation because the trace anism based exclusively on the experimental results from
amounts of impurities can cause large differences in the fi- racemic citronellal.

nal conversion level. Although in the work of Chuah et al.

[7] it was reported that comparable results were obtained in3.2.2.4. Sdereactionsin the cyclization of racemic citronel-

the cyclization of )-citronellal and racemic citronellal, it |al. The formation of other than cyclization products was
is not the case in the present study. Over H-MORD the fi- minor over H-Beta, Si@ and ALO;3 catalysts, while over

nal conversion was also relatively low, comparable to that H-MORD around 10% of other products were formdd-{
obtained over beta zeolites. The origin of the low conver- ple 8. Over a mesoporous catalyst ca. 20% of other products
sion level over H-MORD can be either pore-diffusion lim-  were obtained after 3 h, mainly due to dehydration. Over the
itations of isopulegols or impurities in racemic citronellal, H-MORD quite large amounts of dehydration products were
similarly to H-Beta. High catalytic activity of H-Y compared  formed and simultaneously tloatalyst was deactivated, be-

to H-MORD cannot be explained in terms of pore diffusion, cause only a 85% conversion level was achieved, whereas
as according to molecular modeling isopulegol can penetrateover the H-Y catalyst the achieved conversion level was 98%
through the pores in H-YHig. 10. and only 3% dehydration products were formddlile §.

As a conclusion, it can be stated that the achieved final Over mesoporous materials the larger cavities can favor for-
conversion levels of racemic citronellal over different cat- mation of by-products. Traces dif-isopulegylethers were
alysts can be affected by several factors, like impurities in also observed in the product mixture starting from racemic
the reactant, the catalyst deactivation, and the pore diffu- citronellal. Fuentes et aJ6] have also observed the forma-
sion over zeolites. Additionally this work revealed that it is tion of isopulegyl ethers over zeolite catalysts.
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Table 9
The stereoselectivity ratio for different pulegols at given conversion levels in the cyclization of racemic citronellal

Catalyst Ratio ofyip:ynip:yip:yNiip (%) Ratio ofyip:ynip:yip:ynip (%)°
H-Beta-11 6729:3:12 69:27:3:12

H-MORD 60:31:6:32 61:30:6:22

H-Y 62:29:5:42 61:29:5:52

H-MCM-41 6231:5:22 60:33:4:32

H-MCM-22 5227:17:42 52:26:18:32

Alumina 7026:4:0° 7515100

Silica 7224:4:.0° 77:19.4°

& Conversion level 0.7.
b Conversion level 0.05.
€ Corrected with the initial amount of isopulegols in racemic citronellal.

It can be concluded that larger amounts of side prod- the impurities other than isopgols in racemic citronellal
ucts were formed over H-MCM-41 and H-MCM-22 cata- caused the catalyst deactivation.
lysts than over zeolites, alumina, and silica. It can be concluded that catalyst deactivation was the
most prominent for H-Beta and H-MORD catalysts, over
which the final conversion of racemic citronellal was 85 and
citronellal. Catalyst deactivationormally occurswhenor- ~ 71%, respectively. Despite the large decrease in the spe-
ganic molecules are contactedth acidic catalysts. Espe- cific surface area in the spent H-MCM-41 catalyst it still
cially coke can be formed inside the pores, which can lower exhibited high catalytic activity leading to nearly full conver-
the conversion level and affect the product selectivity. One of sion of citronellal. The differences in catalytic performances
the methods to investigate catalyst deactivation is to measureof H-Beta starting from raceim and enantio pure citronel-
the specific surface areas of the spent catalysts and compar&l originated from the diffeznces in catalyst deactivation,
these values with the specific surface areas of the fresh catabut not from the presence of pulegols in racemic citronel-
lyst. This comparison was carried out for H-MCM-41, Beta lal.
zeolite, as well as for silicaT@ble J). It should be pointed
out here that in some cases the cyclization was very fast, like3.2.2.6. Sereoselectivity in the cyclization of racemic cit-
over H-MCM-41, and the side reactions occurring after cit- ronellal. The stereoselectivity ofHf)-isopulegols defined
ronellal conversion can form coke on the catalyst surface. as the sum of the amounts of-)-isopulegol and {)-
The specific surface areas of the spent catalysts confirmedsopulegol divided by the molar amount of all the pulegols
the accumulation of organe@ompounds inside the H-MCM-  was determined by NMR spectroscdl]. When compar-
41 catalysts, whereas in case of silica the specific surfaceing the product distribution of pulegols it can be seen that at
area decreased only slightlygble J. It should be pointed  the 70% conversion the most selective catalysts have been
out that despite the large decrease of the catalyst specificH-Beta, H-MCM-41, H-Y, and H-MORD, whereas lower
surface area, the H-MCM-41 structure was, however, intact stereoselectivities fotf)-isopulegols were obtained over H-
during the reaction, similarly to liquid-phase isomerization MCM-22 catalyst Table 9 Fig. 118, which has very promi-

3.2.2.5. Catalyst deactivation in the cyclization of racemic

of linoleic acid over Ni-H-MCM-41, where the used cata-
lyst revealed the typical XRD pattern of H-MCM-432].

nent formation of iso-isopulegol. This result contradicts the
data of Chuah et a[7], who concluded that the stereose-

Large amounts of organic material were accumulated inside lectivity was unaffected by the pore structure of the catalyst.

the H-MCM-41 catalysts, wheas the situation was differ-

The stereoselectivity in pulegols changed over H-MCM-41,

ent over the H-Beta catalyst. The specific surface area ofwhen the reaction was continued after the full conversion

H-Beta decreased during the reaction by about 34%6 (
ble 1) and a relatively low conversion level of racemic cit-
ronellal was achieved (71%able §. This can be partially

explained by the quite large accumulation of organic com-

pounds inside the smaller catalyst cavitieghzeolite com-
pared to H-MCM-41. After only 5 min reaction time the
catalyst deactivation in the cyclization of racemic citronellal
was very prominent for H-Beta and H-MORD, but unexpect-
edly not for H-Y (Fig. 119. The H-MORD structure consists
of straight 12-MR with diameters of. D0 x 0.65 nm con-

of citronellal and about 20% of dehydration and isomeriza-
tion products, like 4-methyl-1-(2-propyl)cyclohexania{

ble 8), were formed. Additionally, silica and alumina cata-
lysts gave quite high stereoselectivities but the yieldst)f (
isopulegols were very low. The highest yields of isopulegols
were obtained over H-Y and H-MCM-41, being 62 and 64%,
respectively Table §. These catalysts were also very ac-
tive and had very high specific surface ar@alfle 7. No
symmetry breaking was observed and cyclization of racemic
citronellal resulted in racemic pulegols. The stereoselectiv-

nected by short alternating 8-MR channels with diameters ities to isopulegol starting from racemic citronellal varied

of 0.57 x 0.26 nm[30]. Interestingly the conversion level of
(+)-citronellal over beta zeolite was 100%, indicating that

in the range of 60—72%T&ble 7 Fig. 11h. Only with the
H-MCM-22 catalyst the stereoselectivities were somewhat
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Fig. 12. The yield of (a) neo-isopulegol and (b) iso-isopulegol as aifumof the yield of isopulegol over different catalysts. Symbdl) H-MCM41, (x)
H-Beta, ©) H-Y, (®) H-MCM-22, (A) H-MORD, () Al,03 and @) SiO;.

lower than with other catalyst¥ig. 11H. Moreover the nitrogen atmosphere in cyclohexane as a solvent. The high
stereoselectivities were constant with the increasing conver-initial rates in cyclization of {)-citronellal were observed
sion of citronellal and independent of the concentration of for catalysts which exhibited high enough concentration of
acid sitesig. 12. In the work of Ravasio et g2] the stere-  Brgnsted acid sites. One exception was the H-ZSM-5 cat-
oselectivity to (-)-isopulegol varied, however, in the quite  glyst, which showed relatively low catalytic activity and a

narrow range of 62 to 72%. Additionally it was concluded in 5\ conversion level compared to the concentration of the
their work that the strong Lewiacidic catalysts can increase acid sites. The origin of low initial cyclization rates of)-

the stereoselectivity ok)-isopulegol. citronellal was pore-diffusion limitations of isopulegol over

.It can be concl_uded in this work _that therg Was No CoIre- 4 5 e mbered zeolite catalysts, although the catalyst deacti-
lation between with the concentration of acid sites and the = _ . e
vation cannot be excluded. The presence of pore-diffusion

obtained stereoselectivities. Additionally stereoselectivities ..~ . . .
were independent of the conversion of citronellal. !Iml-tatIOI’lS is also §upported by molecglar modeling, V\_’h'Ch
indicated that the isopulegol molecule is too large to diffuse
efficiently into the cavities of H-ZSM-5. The results indicate
4. Conclusions that over zeolites the pore-diffusion limitations of isopulegol
could not be excluded, pointing out that there is no direct
Cyclization of ()-citronellal was investigated over zeo- correlation among the initial cyclization rates, the specific
lites and mesoporous materials as well as on silica under asurface areas, and the concentration of acid sites.
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