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Abstract

The catalytic cyclisation of citronellal was studied over Zr-zeolite beta, micro/mesoporous Al-MSU-SFAU, and microporous HY catalyst
All samples showed good activity in the cyclisation of citronellal to form isopulegols with> 97% selectivity. A high diastereoselectivity f
(±)-isopulegol of∼ 93% was observed over Zr-zeolite beta, whereas Al-MSU-SFAU and HY showed a lower selectivity of∼ 65%. Zr-zeolite
beta was synthesised in a range of Si/Zr of 75–200 with the use of fluoride and zeolite beta seeds. Zeolite beta withAl and Ti substitution was
less active and selective than Zr-zeolite beta. The rate of reaction strongly depended on the type of solvent used, but the reaction could al
be carried out without any solvent. A hydroxylated surface is important for good activity. This is consistent with the proposed me
where both Lewis and Brønsted acid sites are essential for the reaction.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Citronellal can be cyclised to form isopulegol, whi
is an intermediate in the synthesis of menthols. All th
chemicals are used in the fragrance industry[1]. Because
of the presence of three asymmetrical centers, there
actually four stereoisomers of isopulegol, each of wh
occurs as a pair of enantiomers: (±)-isopulegol, (±)-neo-
isopulegol, (±)-iso-isopulegol, and (±)-neoiso-isopulego
(Scheme 1). Hydrogenation of these isopulegols leads
four pairs of enantiomers: (±)-menthol, (±)-neomenthol
(±)-isomenthol, and (±)-neoisomenthol. Of these, the mo
useful isomer is (−)-menthol, which has a peppermint odo
and exerts a cooling effect. The latter property is peculia
this isomer, as none of the other isomers possesses thi

* Corresponding author. Fax: (65) 6779 1691.
E-mail address: chmcgk@nus.edu.sg(G.-K. Chuah).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.11.015
-

freshing” property. The cyclisation of citronellal procee
readily over various homogeneous and heterogeneous
alysts. Scandium trifluoromethanesulfonate[2]; Lewis acids
like ZnCl2, ZnBr2, and ZnI2 [3]; and molybdenum and tung
sten complexes[4] were reported to be active in the rea
tion. In particular, zinc bromide shows a high selectiv

Scheme 1. Cyclisation of (+)-citronellal to isopulegol isomers.

http://www.elsevier.com/locate/jcat
mailto:chmcgk@nus.edu.sg
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for (−)-isopulegol, 94%, and is used industrially. A rece
patent by Takasago International Corporation[5] reports that
using a substituted tris(2,6-diarylphenoxy)aluminium cata
lyst gave close to 100% selectivity for isopulegol. Ho
ever, the use of homogeneous catalyst requires exte
workup, and hence the catalyst frequently cannot be re
ered and reused. A number of heterogeneous catalysts
also been found to be active, including metallic Cu–Cr;
olite beta; MCM-41; HY; mordenite; MCM-22; alumina
mixed oxides of SiO2–TiO2, SiO2–ZrO2, and SiO2–Al2O3

with and without copper; sulfated zirconia; and metal cati
exchanged montmorillonites[6–10]. The activity over ze-
olites such as clinoptilolite, mordenite, and faujasite w
shown to be related to the total number of Brønsted a
sites[11]. Generally, over heterogeneous catalysts, all f
isopulegol isomers are formed and the diastereosele
ity for (±)-isopulegol, 52–75%, is lower than for homog
neous catalysts. An exception to these results was rep
by Arata and Matsuura for SiO2–Al2O3, FeSO4, NiSO4,
Zr(SO4)2, and alumina, in which the selectivity for isopul
gol was higher than 91%[12]. However, it is not clear from
the report whether selectivity is for all of the isopulegol is
mers or only for (±)-isopulegol. A recent report by Corm
and Renz[13] showed that Sn-beta zeolite catalyses the
clisation of citronellal in acetonitrile with a high diastere
oselectivity for (±)-isopulegol of 85%. However, in othe
solvents such as dioxane,tert-butanol, and nitromethane, th
diastereoselectivity was only between 78 and 82%. In th
absence of any solvent, the conversion was lower and th
astereoselectivity was only∼ 72%.

We have synthesised aluminum-free Zr-zeolite beta
found that it is a very good catalyst for the Meerwei
Ponndorf–Verley (MPV) reduction of ketones and alde
des [14]. Because of the microporous channels of zeo
beta, shape selectivity was manifested in the stereos
tivity of the products. We have also found that hydro
zirconia showed very good activity and selectivity in t
reaction[15]. Phosphated zirconia formed by phosphat
of the hydroxides was also highly active, with a selec
ity for cyclisation of > 99%. The diastereoselectivity fo
(±)-isopulegol was 68–72%. In a study of a number of ca
lysts, using ammonia TPD and pyridine IR spectroscopy
showed that all catalyticallyactive samples contained a com
bination of strong Lewis and weak Brønsted acidity. In vi
of the good activity of zirconium and the high diastere
selectivity observed over Sn-zeolite beta[13], we evaluated
Zr-zeolite beta as a catalyst for the cyclisation of citronel
For comparison, larger-pored materials like mesostructu
Al-MSU-SFAU and HY were also tested as catalysts. The
mer sample is made via the use of nanoclustered zeoli
seeds as framework precursors[16,17]. With the addition
of a micellar template, the zeolite seeds assemble int
ordered mesostructure around the templating structure
these materials, the channels have mesoporous dimen
whereas the walls have microporosity.
e

-

s,

2. Experimental

2.1. Preparation and characterisation

The synthesis of aluminium-free Zr-zeolite beta has b
described in[14]. The catalyst was prepared in a fluorid
assisted hydrothermal synthesis with the addition of se
from dealuminated zeolite beta, similar to the proced
described by Corma et al.[18] for the preparation of Al-
free Sn-beta. Typically, tetraethylorthosilicate (TEOS) w
hydrolysed in a solution of tetraethylammonium hydro
ide (TEAOH) with stirring. A solution of ZrOCl2 · 8H2O
in water was added, and the mixture was stirred until
ethanol formed by hydrolysis of the TEOS was evapora
Hydrogen fluoride and an aqueous suspension of see
dealuminated nanocrystalline zeolite beta (ca. 50 nm di
eter as determined by TEM) were added. Samples wi
Si/Zr ratio of 50–200 were prepared. The final gel h
the composition 1 SiO2:0.005–0.02 ZrO2:0.56 TEAOH:
0.56 HF:7.5 H2O. Crystallisation was carried out in a st
tic Teflon-lined stainless-steel autoclave at 140–170◦C for
5–30 days. The longer crystallisation times were neces
for higher zirconium substitution. The solid product o
tained was filtered, washed with deionised water, drie
100◦C, and activated at 580◦C for 4 h. The samples ar
designated Zr-beta-n, where n = Si/Zr ratio of 75, 100,
150, or 200. For comparison, the synthesis of Zr-beta
attempted without the use of seeds. These samples are
ignated Zr-beta-nWS, wheren = Si/Zr ratio of 75, 100, or
200 and WS stands for “without seeds.” The Si/Zr ratios in
the calcined samples were determined by ICP after dissolu
tion of the samples. In addition to Zr-zeolite beta, Sn-b
(Si/Sn≈ 125) zeolite was synthesised in a way similar
the synthesis of Al-free Zr-beta, with SnCl4 · 5H2O (Merck,
99%) as the tin source. Ti-beta (Si/Ti ≈ 100) was prepare
with the use of titanium ethoxide, following the procedu
described by Blasco et al.[19].

A sample of ion-exchanged Zr-zeolite beta was also
pared by stirring, at room temperature, 50 ml of 0.5 M zir
nium chloride solution with 1.0 g of Al-zeolite beta (Zeoly
Si/Al 12.5) overnight. After drying at 100◦C, the sample
IE-Zr-beta, was calcined at 300◦C for 3 h, with a slow heat
ing rate of 1◦C/min.

HY15 (Si/Al 15) was obtained from Zeolyst. Al-MSU
SFAU with Si/Al 9, 35, 50, or 70 was prepared followin
Ref. [20]. An alumino-silicate gel was formed by dissol
ing NaOH, NaAlO2, and sodium silicate solution in wa
ter. This gel was stirred at room temperature for 1 h
then heated under reflux with moderate stirring at 100◦C
overnight to form the zeolite Y seed solution. The se
solution was added to a solution of cetyltrimethyl a
monium bromide (CTAB) template at room temperatu
and the pH was lowered to about pH 9 with the ad
tion of dilute sulfuric acid. The final gel composition ca
be represented as 0.09 NaOH:0.90 Na2SiO3:x NaAlO2:
0.20 CTAB:0.65 H2SO4:100 H2O. x = 0.0128–0.1. The fi-
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nal gels were aged for 1 h at room temperature and
heated at 100◦C for 48 h in a Teflon-lined autoclave und
static conditions. The samples were calcined at 540◦C for
12 h to remove the template, ion exchanged with NH4NO3
solution, and recalcined to obtain the H+ form.

The surface area and pore volumes were measured b
trogen adsorption (Micromeritics Tristar). The samples w
dried at 300◦C prior to measurement. The crystal phase w
determined with a Siemens D5005 powder X-ray diffr
tometer equipped with a Cu anode and variable primary
secondary beam slits. Infrared adsorption spectroscop
pyridine adsorbed to the samples was used to determin
type of acid sites present on the samples. Self-suppo
wafers (8–10 mg) were mounted in an evacuable Pyre
cell with NaCl windows. After the sample was degas
at 300◦C in vacuum (10−3 mbar) for 2 h, the sample wa
cooled to room temperature, and pyridine at 22 mbar
introduced into the cell. The cell was again evacuated for a
other hour before an IR measurement was made. A Bio-
FTS 165 FT-IR spectrometer with a resolution of 2 cm−1

was used. Further measurements were made after the s
had been heated at 100 and 200◦C for 1 h at each tempera
ture.

2.2. Catalytic testing

Racemic citronellal (Fluka) was used as received. It c
tained∼ 94% citronellal together with 6% isopulegol. Th
reaction mixture, containing 0.62 g (4 mmol) of citronell
5 g of solvent, and 0.2 ml of nitrobenzene (internal st
dard), was placed in a round-bottomed flask equipped
a septum port, a reflux condenser, and a guard tube
preparative synthesis, the batch was scaled up by a fact
of 5, with the use of 3.1 g (20 mmol) of citronellal wi
or without 5 g of solvent. The mixture was heated to
action temperature, following which 50 mg of catalyst w
added. The reaction was carried out with stirring, typica
at 80◦C, although lower temperatures were also stud
Samples were removed at different reaction times, and
products were analysed by gas chromatography (HP5 c
lary column, FID). The products were identified by GC-M
and the different isomers were confirmed with1H NMR
(Bruker AMX 500). The overall selectivity is defined as t
sum of all isopulegol isomers divided by the sum of all pr
ucts formed (isopulegol isomers and etherification prod
of isopulegols). The diastereoselectivity is the selectivity
(±)-isopulegol with respect to all four isopulegol isomers

3. Results

3.1. Synthesis and properties of Zr-zeolite beta

To study the effect of zirconium on the formation of Z
zeolite beta in a fluoride medium, the crystallisation kine
was determined for an initial Si/Zr ratio from 200 to 50.
-

f
e

le

r

Fig. 1 shows that a longer crystallisation time is needed
obtain Zr-zeolite beta when the Si/Zr ratio in the synthesi
mixture is decreased. The “induction period” or time bef
any crystallinity is observed increased as the Si/Zr ratio de-
creased. A similar dependence of the crystallisation tim
the metal content is observed for Al-zeolite beta, wheth
is synthesised in basic medium without alkali metals[21] or
in fluoride medium[22].

From powder X-ray diffractometry, it is found that wi
the use of zeolite beta seeds, zirconium could be succ
fully incorporated into zeolite beta up to 2.4 wt% Zr (Si/Zr
75). The diffraction peaks were well developed and of h
intensity, indicating the crystalline state of the samples. O
the zeolite beta phase was present, with no other comp
phases detected (Fig. 2). Taking the peak intensity at 22.3◦ of
580◦C-calcined Zr-beta-200 as reference with 100% c
tallinity, we made a comparison of the crystallinity of high

Fig. 1. Influence of Si/Zr ratio on the synthesis of Zr-beta. (") Si/Zr =
200, (�) Si/Zr = 100, and (�) Si/Zr = 75.

Fig. 2. X-ray diffraction patterns of Zr-beta-100 calcined at: (a) 580
(b) 750, and (c) 900◦C.
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Table 1
Synthesis of Zr-zeolite beta in fluoride medium

Sample Seedinga Time Temperature Yieldb Crystallinity Si/Zr molar ratio

(wt%) (days) (◦C) (%) (%) Gel product

Zr-beta-200 3.5 20 140 96 100c 200 194
Zr-beta-150 3.5 20 140 97 98 150 155
Zr-beta-100 3.5 20 140 95 95 100 107
Zr-beta-75 3.5 25 140 95 89 75 84
Zr-beta-50 3.5 30 140 – Amorphous 50 –
Zr-beta-200WS – 25 140 99 87 200 202
Zr-beta-100WS – 30 140 100 81 100 105
Zr-beta-75WS – 40 140 – Amorphous 75 –

a Dealuminated zeolite beta as seeds.
b Calculated in calcined samples with respect to SiO2 + ZrO2 in the starting mixture.
c Reference.
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Zr-containing zeolite beta samples (Table 1). Good crys-
tallinity can be obtained up to a Si/Zr ratio of 75; higher Zr
content resulted in an amorphous phase. The broadeni
X-ray reflexes with Zr content is due to a lowering of the l
tice order, as the bond length of Zr–O (2.00 Å) differs fro
that of tetrahedral Si–O (1.59 Å). Without the use of seed
was still possible to form Zr-zeolite beta up to a Si/Zr ratio
of 100, although a longer crystallisation time was requir
The yield was good, but the crystallinity was lower than t
obtained with the seeded synthesis.

The samples also showed good thermal stability. E
after Zr-beta-100 was calcined to 900◦C for 2 h, the peak
intensity of the sample remained as high as the one calc
at 580◦C (Fig. 2). It is well known that connectivity defect
such as Si–O− or Si–OH groups exist in zeolite beta synth
sised in hydroxide media[23]. The presence of connectivit
defects can affect the sorption and hydrophilic/hydropho
properties of zeolites, while usually causing a relatively p
thermal stability. However, zeolite beta synthesised in fl
ride medium is almost free of connectivity defects becaus
the organic cations are counterbalanced by occluded−.
Therefore, we can conclude that the high thermal stab
of Zr-beta synthesised in fluoride medium is due to the
sence of connectivity defects.

The infrared spectrum of adsorbed pyridine remaining
Zr-beta-100 after heating at 100◦C is given inFig. 3. The
spectrum showed medium strong bands at 1608 cm−1 and
1450 cm−1 due to pyridine bonded to Lewis acid sites[24].
The band of medium intensity at 1490 cm−1 is due to both
coordinated pyridine and pyridine chemisorbed at Brøn
acid sites. A very weak band at 1545 cm−1 is assigned to the
pyridine adsorbed to Brønsted acid sites.

SEM images of Zr-beta-100 synthesised with and with
seeding are shown inFig. 4. The crystals show the truncate
square bipyramidal morphology typical of zeolite beta. Th
crystal size is quite uniform and, for the unseeded samp
> 10 µm. For zeolite beta seeds of around 50 nm, the re
ing sample has a smaller crystal size of around 1 µm. F
a catalytic point of view, small crystal sizes are usually p
ferred for the elimination of internal diffusion limitation
f

Fig. 3. Pyridine IR after heating the sample to 100◦C for 1 h (a) Al-MSU-9,
(b) Al-MSU-50, (c) Zr-beta-100, and (d) HY15.

Moreover, by seeding, the synthesis time needed to c
tallise Zr-beta zeolite is reduced.

The BET surface area and total pore volume were fo
to be quite similar for all Zr-beta samples, within experim
tal error (Table 2). The external surface area constitutes l
than 6% of the total, with the bulk located in the micro
ores. The micropore volume in zeolites, as calculated f
the t plot, was in the range of 0.21–0.23 ml/g.

3.2. Properties of Al-MSU-SFAU samples

The Al-MSU-SFAU samples all showed high surface a
eas, 757–976 m2/g, with pore volumes of 0.53–0.95 ml/g
(Table 2). The mesoporous structure of these samples
confirmed by X-ray diffraction and by nitrogen porosim
try measurements (Fig. 5). Three well-definedhk0 reflec-
tions were observed in the XRD diffractograms. These co
be indexed to the p6m hexagonal lattice. The N2 sorption
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Fig. 4. SEM micrographs of Zr-beta-100 produced (a) without seeds
(b) with seeds.

Table 2
Textural properties of catalysts

Catalyst Surface
area
(m2/g)

Total pore
volume
(ml/g)

Micropore
volume
(ml/g)

Zr content
(wt%)

Zr-beta-75 499 0.26 0.23 2.39
Zr-beta-100 490 0.27 0.22 1.88
Zr-beta-200 474 0.27 0.21 1.04
Sn-beta-125 500 0.31 0.23 –
Ti-beta-100 468 0.25 0.22 –
Al-beta-12.5 559 0.99 0.17 –
IE-Zr-beta 489 0.94 0.15 –
HY15 650 0.55 0.26 –
Al-MSU-9 757 0.95 –
Al-MSU-35 839 0.71 –
Al-MSU-50 952 0.95 –
Al-MSU-70 976 0.91 –
Al-MSU-140 826 0.53 –

isotherms showed type IV isotherms with rectangular t
H4 hysteresis loops atP/P0 > 0.4 and capillary condensa
tion steps atP/P0 of 0.2–0.4. At the low-pressure end,t-plot
analyses showed a very small microporosity of< 0.02 ml/g
in some samples and no microporosity in others. From
pyridine adsorption IR spectra, the Al-MSU samples h
predominantly Lewis acidity with some Brønsted acidity.
Fig. 5. (a) Nitrogen porosimetry, and (b) powder X-ray of Al-MSU-50.

3.3. Cyclisation of citronellal over HY and Al-MSU-SFAU

catalysts

The cyclisation of citronellal is a reaction that occurs e
ily over mildly acidic sites. Al-MSU-SFAU samples were
very active in the reaction,giving good selectivities o
> 98% for the various isopulegol isomers. A comparis
of the MSU samples with different Al content shows th
a Si/Al ratio of 50–70 is optimal. Al-MSU-140, which ha
fewer acid sites, was, not surprisingly, less active than s
ples with higher Al-content. Irrespective of the Al conte
the product distribution over all samples was similar, w
(±)-isopulegol as the main isomer (65–68%), followed
(±)-neo-isopulegol (25–27%), (±)-iso-isopulegol (5–6%)
and (±)-neoiso-isopulegol (1–2%) (Table 3).

The activity, overall selectivity, and isomer distributi
were affected by the solvent used (Table 4). The reaction
rate was higher in nonpolar solvents and slower in polar
vents. After 60 min, the conversion was less than 6% w
acetonitrile was used as the solvent but> 96% in toluene
Lower selectivity to cyclisation was observed in polar s
vents like acetonitrile andtert-butanol than in nonpolar so
vents. In 2-propanol, the selectivity was only 28% becaus
of the reduction of citronellal to citronellol in the Meerwein
Ponndorf–Verley reaction and subsequent dehydration o
products. The overall selectivity was 95–98% in nonpo
solvents like cyclohexane and toluene. Irrespective of
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Table 3
Conversion and selectivity to isopulegol isomers over various catalystsa

Catalyst Solvent Conversionb

(%)
Overall selec-
tivityc (%)

Isomeric
ratiod

Zr-beta-100 tert-Butanol 82.8 98 93:5:2:0
Sn-beta-125 Acetonitrile 35.5 98 85:10:5:0
Ti-beta-100 Acetonitrile 8.5 84 59:37:4:0
Al-beta-12.5 tert-Butanol 56.7 85 71:24:4:1
IE-Zr-beta tert-Butanol 64.0 88 73:22:4:1
HY15 Acetonitrile 25.1 59 62:26:5:6
HY15 tert-Butanol 94.3 87 54:37:7:2
HY15 Toluene 98.2 92 67:24:7:2
Al-MSU-9 Toluene 84.1 96 68:25:5:2
Al-MSU-50 Toluene 88.6 97 67:26:5:2
Al-MSU-70 Toluene 90.3 98 66:27:5:2
Al-MSU-140 Toluene 59.4 98 65:27:6:2

a Reaction conditions: 4 mmol (0.62 g) citronellal, 5 g solvent, 50
catalyst, 80◦C.

b After 30 min.
c Selectivity to all isopulegol isomers.
d Isopulegol:neo-isopulegol:iso-isopulegol:neoiso-isopulegol.

Table 4
Activity of Al-MSU-50 in different solventsa

Solvent Relative
polarityb

Conversionc

(%)
Ratio of
isomersd

Overall selec-
tivitye (%)

Cyclohexane 0.006 93.8 64:28:6:2 98
Toluene 0.099 96.7 67:26:5:2 98
1,4-Dioxane 0.164 69.5 63:30:5:2 95
tert-Butanol 0.389 27.4 61:32:5:2 87
Acetonitrile 0.46 5.7 69:31:0:0 79
2-Propanol 0.546 39.1 63:32:5:0 28

a Reaction conditions: 4 mmol (0.62 g) citronellal, 5 g solvent, 50
catalyst, 80◦C.

b C. Reichardt, Solvents and Solvent Effects in Organic Chemis
2nd Ed., VCH, Weinheim, 1988.

c After 60 min.
d Isopulegol:neo-isopulegol:iso-isopulegol:neoiso-isopulegol.
e Selectivity to all isopulegol isomers.

solvents, the diastereoselectivity for (±)-isopulegol was be
tween 61 and 69%.

The cyclisation of citronellal without any solvent was c
ried out over Al-MSU-50 (Fig. 6). The rate of reaction wa
higher without solvent than when toluene was used; this
be explained by a dilution effect. The diastereoselectivity
(±)-isopulegol was similar without solvent and in toluen
65 and 68%, respectively. The used catalyst after the batc
reaction had lower activity than the fresh catalyst, and
activity could not be restored by simply washing the cata
with toluene (Table 5). However, if the catalyst was calcine
at 540◦C for 4 h, almost full activity was restored. Extra
tion of the used catalyst with toluene showed that citrone
isopulegols, and ether products of the isopulegols had b
formed at the surface. The adsorption of these molecule
blocks some of the active sites required for reaction.

The reaction was carried out from 25 to 80◦C, and the
activation energy for the cyclisation reaction was calcula
to be 55.6 kJ/mol (Table 6). The diastereoselectivity fo
Fig. 6. Conversion of Al-MSU-50 without solvent (!) and in toluene (�).
Reaction conditions: 20 mmol (3.1 g) citronellal, (5 g toluene), 50 mg
alyst, 80◦C.

Table 5
Reuse of Al-MSU-50 catalysta

Cycle Conversionb

(%)
Overall selec-
tivity (%)

Treatment

1 96.7 98 Fresh catalyst
2 86.6 98 Wash with toluene
3 71.6 98 Wash with toluene
4 44.3 96 Wash with toluene
5 35.6 95 Wash with toluene
6 95.2 98 Calcined at 540◦C for 4 h

a Reaction conditions: 4 mmol (0.62 g) citronellal, 5 g toluene, 50
catalyst, 80◦C.

b After 60 min.

Table 6
Effect of reaction temperatureover Al-MSU-50 and Zr-beta-100a

Sample Temperature
(◦C)

Conversionb

(%)
Overall selec-
tivityc (%)

Diastereose-
lectivityd (%)

Al-MSU-50 25 4.4 > 90 69
40 12.0 > 93 68
60 40.2 > 95 67
80 79.4 > 98 67

Zr-beta-100 25 8.1 > 92 92
40 21.5 > 96 92
60 43.7 > 98 92
80 69.2 > 98 93

a Reaction conditions: 4 mmol (0.62 g) citronellal, 5 g toluene for
MSU-50 ortert-butanol for Zr-beta-100, 50 mg catalyst.

b Conversion after 15 min.
c Selectivity to isopulegol isomers.
d Selectivity to (±)-isopulegol with respect to the other diastereomers

(±)-isopulegol decreased slightly from 69 to 67% at hig
temperatures, although the overall selectivity to cyclisa
improved.

Like the Al-MSU samples, zeolite HY (Si/Al 15) was
very active in the cyclisation of citronellal (Table 3). Again,
a strong solvent dependence was observed. In aceton
the reaction was slow and the selectivity for cyclisation w
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Fig. 7. Comparison of activity (�) and diastereoselectivity (�) to (±)-iso-
pulegol over Zr-zeolite beta (measured after 15 min reaction, 0.62 g c
nellal, 5 g acetonitrile, 50 mg catalyst, 80◦C).

only 59%, with (±)-isopulegol forming 62% of all isomers
In tert-butanol, the selectivity for cyclisation was high
87%, but the (±)-isopulegol constituted only 54% of th
isomers formed. In toluene, the overall selectivity was 92
with a diastereoselectivity of 67% for (±)-isopulegol.

3.4. Cyclisation of citronellal over Zr-zeolite beta: effect of
Zr loading

A comparison of the activity of Zr-zeolite beta with d
ferent Zr loading was carried out with acetonitrile as
solvent (Fig. 7). The rate of reaction was highest with Z
beta-100, whereas higher and lower Zr-containing sam
were less active. In all cases, the selectivity for cyclisa
was> 99%. The predominant product was (±)-isopulegol,
which constituted about 90% of the isomers, followed
(±)-neo-isopulegol (7%) and (±)-iso-isopulegol (3%). No
(±)-neoiso-isopulegol was detected.

3.5. Effect of solvents

Considering the pronounced effect of solvents on the
tivity and selectivity for cyclisation over Al-MSU-SFAU and
HY catalysts, studies of solvent effects were also car
out with Zr-zeolite beta. The conversion was higher in
lar solvents than in nonpolar solvents (Table 7). The over-
all selectivity for cyclisation was generally> 97%, except
for 2-propanol, where a parallel reaction, the Meerwe
Ponndorf–Verley reduction, can also take place between
solvent and citronellal. Irrespective of the solvent, the
astereoselectivity for (±)-isopulegol was high, between 8
and 93%. The highest selectivity for (±)-isopulegol,> 93%,
was obtained withtert-butanol as a solvent.

Zr-beta-100 could be reused for several batch reaction
when the used catalyst was washed after each reaction
tert-butanol (Table 8). Although the conversion decreas
Table 7
Activity of Zr-beta-100 in different solventsa

Solvent Conversionb

(%)
Ratio of
isomersc

Overall selec-
tivityd (%)

Cyclohexane 83.1 90:6:4:0 > 98
Toluene 59.7 87:9:4:0 > 98
1,4-Dioxane 93.5 90:8:2:0 > 98
tert-Butanol 93.8 93:5:2:0 > 97
Acetonitrile 95.9 91:6:3:0 > 99
2-Propanol 97.5 89:8:3:0 ∼ 82

a Reaction conditions: 4 mmol (0.62 g) citronellal, 5 g solvent, 50
catalyst, 80◦C.

b After 60 min.
c (±)-isopulegol:(±)-neo-isopulegol:(±)-iso-isopulegol:(±)-neoiso-iso-

pulegol.
d Selectivity to isopulegol isomers.

Table 8
Reuse of Zr-beta-100 catalysta

Cycle Conver-
sionb

(%)

Overall
selectivityc

(%)

Selectivity
(±)-isopulegol
(%)

Treatment

1 93.4 > 98 93 Fresh catalyst
2 92.1 > 98 93 Wash withtert-butanol
3 86.8 > 98 93 Wash withtert-butanol
4 79.3 > 98 93 Wash withtert-butanol
5 66.8 > 98 93 Wash withtert-butanol
6 94.2 > 98 93 Calcined at 550◦C

for 4 h and exposed
to ambient overnight

a Reaction conditions: 4 mmol (0.62 g) citronellal, 5 gtert-butanol, 50 mg
catalyst, 80◦C.

b After 60 min.
c Selectivity to isopulegol isomers.

with each batch, the diastereoselectivity for (±)-isopulegol
remained constant. Full activity of the catalyst could be
stored by calcining of the catalyst at 550◦C for 4 h, followed
by exposure to ambient conditions overnight. To test
leaching of Zr, the catalyst was filtered from the hot reac
mixture after 10 min, when the conversion had reached 47
The filtrate was monitored for any additional conversi
The conversion remained unchanged with time, showing
no leaching of Zr had occurred.

The cyclisation of citronellal also proceeded smoot
without any solvent. However, unlike Al-MSU-50, the in
tial rate of reaction was very fast but was followed by
much slower reaction rate at longer times (Fig. 8). With 3.1 g
of citronellal, the conversion over Zr-beta-100 was 50%
ter 10 min but reached 75% after 4 h. The rate depend
with time was similar to that when acetonitrile was used
a solvent. The rate dependence cannot be fitted with
of a first-order rate equation, as would be expected for
clisation. The leveling at higher conversion is indicative
poisoning by the reaction products, in which adsorption s
may be blocked. Withtert-butanol as a solvent, the initia
rate of reaction was slower but the conversion continue
increase with time, following a first-order rate equation. T
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Fig. 8. Conversion over Zr-beta-100 without solvent and in (!) acetonitrile
and (�) tert-butanol ("). Reaction conditions: 20 mmol (3.1 g) citronella
(5 g solvent), 50 mg catalyst, 80◦C.

Table 9
Effect of pretreatment and of water in the reaction mixture on Zr-beta-1a

Conditions Conversionb

(%)
Overall selec-
tivityc (%)

Selectivity (±)-iso-
pulegol (%)

Pretreatment of catalyst
Exposed to air 93.6 > 98 93
Dry at 100◦C for 4 h 60.9 > 93 90
Dry at 300◦C for 4 h 35.5 > 90 86

Reaction conditions
1% H2O 72.2 > 99 93
2% H2O 62.8 > 99 93
3% H2O 59.4 > 99 93

a Reaction conditions: 4 mmol citronellal, 5 gtert-butanol, 50 mg cata
lyst, 80◦C.

b Conversion after 1 h.
c Selectivity to isopulegol isomers.

may be due to the solubility of the isopulegols in the alcoho
solvent. The diastereoselectivity for (±)-isopulegol without
any solvent was 89%, which is slightly lower than that
tert-butanol, 93%.

3.6. Effect of sample pretreatment and reaction conditions

Table 9shows that the pretreatment conditions influe
the activity of the catalyst. Careful drying of Zr-beta-1
under a flowing stream of nitrogen at 100◦C resulted in a
catalyst that had a lower activity and less diastereoselect
than the reference sample that had been exposed to am
conditions. A higher drying temperature of 300◦C resulted
in an even more inactive catalyst. The diastereoselect
for (±)-isopulegol also decreased with higher drying te
peratures. On the other hand, injection of additional w
into the reaction medium had noeffect on the diastereose
lectivity, although the rate of reaction was decreased.

To study the influence of the reaction temperature,
cyclisation of citronellal was carried out at several temp
atures between 25 and 80◦C (Table 6). With scandium tri-
t

fluoromethanesulfonate, the diastereoselectivity for (±)-iso-
pulegol increased at lower reaction temperatures[2]. How-
ever, with Zr-beta-100, no significant change in the
astereoselectivity was observed when the reaction tem
ature was lowered from 80 to 25◦C. From the decrease i
the rate of reaction, the activation energy was determ
to be 35.9 kJ/mol. This is lower than that measured f
Al-MSU-SFAU and could account for the faster reaction r
observed for Zr-beta-100. The lower activation energy a
suggests that diffusion into the pores could be limiting
the Zr-zeolite beta.

3.7. Comparison with other metal-substituted zeolite beta

In addition to Zr-zeolite beta, a number of other met
substituted zeolite beta samples were synthesised and
uated for the cyclisation reaction. Compared with Zr-be
100, the conversion was lower for Sn-, Al-, and Ti-zeo
beta (Table 3). Only Sn-beta-125 showed a high selectiv
for cyclisation,> 98%, whereas Ti-beta-100 and Al-bet
12.5 had lower selectivities of 84–85%. The diastereos
electivity for (±)-isopulegol over Sn-beta-100 was 85
which is lower than that over Zr-beta-100. Ti-beta-1
was particularly inactive, withthe conversion reaching on
8.5% after 30 min. Furthermore, the diastereoselectivity
(±)-isopulegol was only 59%. Over Al-beta-12.5, the
astereoselectivity for (±)-isopulegol was 71%. Ion exchang
with Zr4+ improved the selectivity marginally to 73%.

4. Discussion

As (−)-isopulegol can be hydrogenated to form (−)-men-
thol, which is an industrially important product, a high s
lectivity for the isopulegol isomer is desired. Such hi
diastereoselectivity is found with homogeneous catal
such as ZnBr2, where the ratio of isopulegol to other is
mers is as high as 94:6. Recently, another homogen
catalyst, tris(2,6-diarylphenoxy)aluminium, was reported
Takasago International Corporation to bring about the
most exclusive formation of isopulegol (99.3%) compa
with the other isomers. The reaction could be carried
with a range of dry solvents, but preferably at subamb
temperatures. To obtain the product, workup with aque
sodium hydroxide was necessary. Over heterogeneous ca
alysts, the diastereoselectivity for isopulegol is lower, u
ally < 70%. However, Corma and Renz[13] recently re-
ported an industrially interesting diastereoselectivity of 8
for (±)-isopulegol, obtained with Sn-beta-125. This rep
shows that an active heterogeneous catalyst can be com
tive with the best homogeneous catalyst in terms of sele
ity for the desired isomer and yet offer the inherent adv
tages of ease of separation and regenerability.

The results of this study show that Zr-zeolite beta is
even more effective catalyst for the cyclisation of citronel
The diastereoselectivity varies from 89 to 93%, dependin
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Scheme 2. Proposed mechanism for cyclisation of citronellal over Zr-zeolite beta.
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on the solvent, withtert-butanol giving the highest sele
tivity. The high diastereoselectivity in Zr- and Sn-zeo
beta may be due to the size of the metal ion in the p
channels of zeolite beta. Although it is active, Al-zeolite
beta has a diastereoselectivity of only 71%, far below
selectivity found for Zr- or Sn-zeolite beta. The selec
ity for isopulegol isomers is also lower than that obtain
over Zr-zeolite beta because substitution of Al3+ into the
silica framework results in substantially increased Brøn
acidity. As a consequence, more dehydration products
formed. The presence of the bigger Zr4+ ion instead of Al3+
in the pore channels of zeolite beta restricts pore acc
bility, in turn dictating the selectivity of the isomerisatio
products. Of all the diastereomers, isopulegol is the o
one that can have all substituents—methyl, hydroxyl,
propene—in the equatorial positions. Neo-isopulegol,
isopulegol, and neoiso-isopulegol have at least one or
substituents in the axial position. The formation of these
mers is hindered if the pore size is restricted. In Al-beta-1
no pore constraint was encountered, as the isomeric ra
the products was similar to that observed over Al-MSU-SFAU
or larger-pore zeolites such as HY. The preferred forma
of isopulegol was also deduced from quantum mechan
calculations[9]. Isopulegol, with the three substituents
the equatorial positions, was calculated to be more stab
15 kJ/mol than neo-isopulegol, with two groups at equa
ial positions and one axial, neoiso-isopulegol (equatorial
ial, axial), and iso-isopulegol (equatorial, equatorial, axia

Based on a study of a number of solid acids, we had
lier postulated that both strong Lewis acid sites and w
Brønsted sites are required for cyclisation. Citronellal co
dinates through the aldehyde oxygen and the electron
double bond onto the zirconium ion (Scheme 2). The cit-
ronellal is brought into an orientation favourable for ring c
sure through an intramolecular carbonyl-ene reaction.
participation of a neighbouring (Brønsted) hydroxyl gro
is required for protonation of the oxygen. The abstractio
hydrogen from the 2-propyl group followed by ring closu
gives the isopulegol. A hydroxylated surface is importan
the activity of the Zr-zeolite beta. Carefully dried samp
showed low activity. When Zr4+ is substituted for Si4+ in
the silica framework, Brønsted acidity, in the conventio
sense used when Al3+ is isomorphously substituted for Si4+,
is not present. However, differences in the electroneg
ity of Zr4+ and Si4+ could result in Brønsted acidity at th
bridging oxygen if it is hydroxylated. Indeed, pyridine
studies on Zr-zeolite beta showed the presence of Brøn
acid sites. Similarly, Wang et al.[25] found that the substitu
-

f

d

tion of Zr into the silica lattice of MCM-41 resulted in bo
Lewis and Brønsted acid sites.

In this study, Al-MSU-SFAU samples were also found
be very active catalysts. These materials are mesopo
and the walls are microporous. In particular, the sample
intermediate Al content (Si/Al 50) was the best catalyst. De
spite the high activity and selectivity for cyclisation, the
astereoselectivity for (±)-isopulegol was about 65–69%. H
zeolite was also very active in the reaction, with an isom
ratio of the isopulegols similar to that for the Al-MSU-SFAU
samples. The larger pore size of these samples as com
with Zr-zeolite beta is probably responsible for the lower
astereoselectivity.

The effects of various solvents on the activity and se
tivity of the samples was very pronounced, and an opti
solvent had to be found for each of the samples. In mi
porous zeolites, the co-adsorption of the solvent into
microporous system of the catalyst greatly influences th
traporous citronellal concentration. The presence of sol
molecules may facilitate or retard the adsorption of the re
tant to the catalytic active sites. The Zr-zeolite beta use
this study is hydrophobic because it was synthesised in a
oride medium. When placed in a solution with molecules o
different polarity, the preferential concentration of less po
lar molecules over more polar molecules occurs in the p
channels. Thus when a nonpolar solvent is used, there
be a low intraporous citronellal concentration and henc
low reaction rate. On the other hand, the concentratio
citronellal in the pores should be higher with a polar s
vent, so that a higher reaction rate is expected. This is
in the different reaction rates over Zr-zeolite beta when a
tonitrile or tert-butanol is used, as compared with tolue
However, in acetonitrile, the initial reaction rate was fa
but at longer times the leveling in activity indicates pois
ing, which may be due to strong adsorption of citronel
formed isopulegols, and acetonitrile at the active sites. Fo
a less polar solvent liketert-butanol, no leveling in activ
ity was observed at longer reaction times. The solvent e
was also very pronounced for Al-MSU-SFAU and HY. The
samples are hydrophilic in nature, and when nonpolar
vents are used, the intraporous concentration of citron
(a polar molecule) is high. On the other hand, a polar sol
competes with citronellal, and the rate of reaction is slow

5. Conclusion

Zirconium can be incorporated into zeolite beta up
2.4 wt% Zr. The crystallisation time increased with z
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conium content. Despite the low loadings of Zr, the
zeolite beta samples were very active in the cyclisation
citronellal. High selectivity for (±)-isopulegol was found
∼ 93%, together with small amounts of (±)-neo-isopulego
and (±)-iso-isopulegol. Neoiso-isopulegol was not obser
over Zr-zeolite beta. In comparison, the selectivity
(±)-isopulegol was lower with Al- and Ti-zeolite beta. Th
presence of a hydroxylated surface is essential for good
tivity. Catalysts with larger pores, like micro/mesoporo
Al-MSU-SFAU and HY, were active in the cyclisation of ci
ronellal, but their selectivity for (±)-isopulegol was lower
The choice of solvent is important, as it affects both the
alytic activity and the selectivity. The rate of reaction w
faster in polar solvents than in nonpolar solvents over
zeolite beta. However, for Al-MSU-SFAU, a reversal of this
order was observed.
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