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A B S T R A C T

Silica-supported H3PW12O40 (PW), the strongest heteropoly acid in the Keggin series, is an efficient,

environmentally friendly heterogeneous catalyst for the liquid-phase isomerization of a-pinene and

longifolene into their more valuable isomers – camphene and isolongifolene, respectively, which are

intermediates in the synthesis of expensive fragrances. The reactions occur under solvent-free conditions

in the temperature range of 80–100 8C, with low catalyst loadings (0.15–5 wt%) and high turnover

numbers (up to 6000 per proton). The catalyst can be easily recovered and reused. No PW leaching is

observed in the reaction system.

� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The application of clean catalytic technologies, especially those
with the use of heterogeneous catalysts, is becoming increasingly
important for the development of environmentally benign
chemical processes [1]. In this context, catalysis by acids can be
considered as one of the most important areas of catalysis.
Although the acid catalysis is widely employed in chemical
industry, it suffers from the traditional use of hazardous mineral
acids resulting in pollution and corrosion problems [1,2].

Heteropoly acids (HPAs), especially those of the Keggin series,
have attracted considerable interest as acid catalysts for the clean
synthesis of fine and specialty chemicals in homogeneous and
especially heterogeneous systems [2–5]. Due to their stronger
acidity, HPAs generally exhibit higher catalytic activities compared
with conventional catalysts, such as mineral acids, ion-exchange
resins, mixed oxides, zeolites, etc. [2–5]. Furthermore, HPA
catalysis lacks side reactions, such as sulfonation and chlorination,
which frequently occur with mineral acids. HPAs have been
reported as efficient homogeneous and/or heterogeneous catalysts
for reactions, such as hydration and acetoxylation [6,7], Friedel-
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Crafts acylation and Fries rearrangement [8–10], etherification
[11,12], and isomerization of alkanes [13,14] and alkenes [14,15].
We have been interested in catalytic transformations of terpenes to
value-added chemicals and, previously, have reported HPAs to be
very active and versatile catalysts for the isomerization of terpenic
compounds, such as a-pinene oxide, citronellal, and a-terpineol
[16–20].

Terpenes and sesquiterpenes are an important renewable
feedstock for flavor and fragrance industries [21–23]. Various
terpenic compounds used in the fine chemicals industry are
produced by acid-catalyzed transformations of more abundant
terpenes and sesquiterpenes. In these reactions, mineral acids are
often used as catalysts, in overstoichiometric amounts, which
leads to large amounts of waste.

One example of the valorization of terpenes is the isomerization
of a-pinene to produce camphene, an important intermediate in
the synthesis of isoborneol, isobornyl acetate, and camphor, with
the latter compound having more commercial applications than
any of terpenes [21]. Camphene is available in the nature from
essential oils of some plants, but most of camphene is synthesized
from a-pinene, an inexpensive major constituent (ca. 85%) of
turpentine oils obtained from coniferous trees [21]. Another
example is the isomerization of longifolene, one of the most
abundant sesquiterpenes which is found in significant amounts
(5–7%) in the Indian turpentine oil obtained from Chirpine (Pinus
longifolia) [24–26]. The longifolene is isomerized into isolongifo-
lene, then transformed to oxygenated derivatives, which because

mailto:elena@ufmg.br
http://www.sciencedirect.com/science/journal/0926860X
http://dx.doi.org/10.1016/j.apcata.2008.10.005


Table 1
Isomerization of longifolene under solvent-free conditions catalyzed by 20 wt%

H3PW12O40/SiO2 (5 wt%).

Run Time (min) T (8C) Conversion (%) Selectivitya (%) TONa

1 300 80 60 95 286

2b 70 100 96 98 457

3 10 120 100 76 477

a Turnover number: the number of substrate molecules converted per proton in

PW.
b After reaction, the catalyst was separated by centrifugation and reused 2 times

without loss of activity and selectivity.
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of their extremely rich woody and floral odor occupy a vintage
place in the perfumery industry [24–26].

Both processes mentioned above have gained considerable
attention of catalytic chemists due to their industrial significance.
The commercial production of camphene from a-pinene is based
on the use of a weakly acidic TiO2 catalyst [27]. Many other solid
acid catalysts have been tested for this reaction, such as zeolites
[28–30], activated clays [31,32], sulfated zirconia [33], and ion
exchange resins [34]. Supported HPAs have been tested recently as
well [35,36]. Typically, 30–50% yields of camphene together with a
complex mixture of other monoterpene by-products have been
obtained. Isolongifolene is traditionally produced from longifolene
through a lengthy, multi step procedure using soluble acids as
catalysts [37,38]. In recent years, solid acid catalysts, such as
sulfated zirconia [24,26] and modified clays [26], have been
applied to synthesize isolongifolene in higher yields. Nevertheless,
the development of more efficient and environment friendly
catalysts for a-pinene and longifolene isomerization remains a
challenge.

We report the application of silica-supported H3PW12O40 (PW),
the strongest HPA in the Keggin series, as an efficient and
recyclable solid catalyst for the skeletal rearrangements of a-
pinene and longifolene under solvent-free conditions. To our
knowledge, no attempt to use HPA catalysts for the latter reaction
has been made so far.

2. Experimental

2.1. Chemicals

All chemicals were purchased from commercial sources and
used as received, unless otherwise stated. H3PW12O40 hydrate was
from Aldrich and Aerosil 300 silica from Degussa. Longifolene and
isolongifolene were kindly donated by Professor J.C. Bayón
(Universidad Autónoma de Barcelona).

2.2. Characterization techniques

31P MAS NMR spectra were recorded at room temperature and
4 kHz spinning rate on a Bruker Avance DSX 400 NMR spectro-
meter using 85% H3PO4 as a reference. Powder X-ray diffraction
(XRD) of the catalysts was measured using a Rigaku Geigerflex-
3034 diffractometer with Cu Ka radiation. Surface area and
porosity of the catalysts were measured by nitrogen physisorption
at 77 K on an Micromeritics ASAP 2000 instrument. Tungsten and
phosphorus content in the catalysts was measured by inductively
coupled plasma (ICP atomic emission spectroscopy) on a Spectro
Ciros CCD spectrometer.
Table 2
Isomerization of a-pinene under solvent-free conditions catalyzed by 20 wt% H3PW12O

Run Catalyst T Time Conversion TONa Selectivity (%)

(wt%) (8C) (min) (%) Tri- and bicyclics

Tricyclene Camph

1 1.5 40 240 96 2092 3 28

2 1.5 60 60 98 2135 21 31

3 0.60 60 300 95 5749 9 40

4b 0.60 100 10 60 2 49

60 90 5447 4 50

5 0.60 120 30 100 6052 4 20

6 0.15 120 60 10 2178 – 50

a Turnover number: the number of substrate molecules converted per proton in PW
b After reaction, the catalyst was separated by centrifugation and re-used 3 times w
2.3. Catalyst preparation and characterization

The silica-supported catalysts, 20 wt% H3PW12O40/SiO2 (PW/
SiO2), was prepared by impregnating Aerosil 300 (SBET,

300 m2 g�1) with an aqueous PW solution and calcined at
130 8C/0.2–0.3 Torr for 1.5 h, as described elsewhere [39]. The
PW content was determined by ICP. The BET surface area was
200 m2 g�1 and average pore volume 0.53 cm3 g�1. The integrity
of Keggin structure of PW was verified by 31P MAS NMR; the
catalysts showed only a single peak at ca. �15 ppm character-
istic of H3PW12O40 [5]. From XRD, the catalysts included
crystalline phase of PW on the silica surface. The acid strength
of silica-supported PW was characterized calorimetrically using
ammonia and pyridine adsorption and discussed in the previous
work [40].

2.4. Catalytic reactions

The reactions were carried out in a glass reactor equipped
with a magnetic stirrer at 40–120 8C. In a typical run, a mixture
of the substrate (2.0 mL), dodecane (0.20 mL, internal standard)
and solid PW catalyst (0.15–5.0 wt%) was intensively stirred
under air at a specified temperature. The reaction progress was
followed by gas chromatography (GC) using a Shimadzu 17
instrument fitted with a Carbowax 20 M capillary column and a
flame ionization detector. At appropriate time intervals, stirring
was stopped and after quick catalyst settling aliquots were
taken and analyzed by GC. The GC mass balance was based on
the substrate charged. The difference was attributed to the
formation of oligomers, which were not GC determinable and
referred in Tables 1 and 2 as ‘‘others’’. The structures of all
products were confirmed by GC co-injections using authentic
samples.

To control catalyst leaching and the possibility of a homo-
geneous reaction, the catalyst was removed by centrifugation
of the reaction mixture at the reaction temperature to avoid
40/SiO2.

Monocyclics Others

ene Limonene a-Terpinene g-Terpinene Terpino-lene

17 4 2 5 42

17 6 3 6 16

25 6 3 7 10

31 6 4 8 –

28 7 3 8 –

4 – – – 72

40 1 1 8 –

.

ithout loss of activity and selectivity.



Scheme 1. Acid-catalyzed isomerization of longifolene.
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re-adsorption of active components onto silica, then the super-
natant was added with fresh substrate and allowed to react on. No
further isomerization was observed in such experiments, indicat-
ing absence of PW leaching.
Scheme 2. Acid-catalyzed iso
3. Results and discussion

3.1. Isomerization of longifolene

Our results on the isomerization of longifolene (Scheme 1) are
presented in Table 1. The PW/SiO2 catalyst showed excellent
performance in this reaction. At 80 8C, more than a half of the
substrate was transformed into isolongifolene in 5 h with a
selectivity of 95% (Table 1, run 1). The reaction rate greatly
increased with increasing the temperature; at 100oC, longifolene
conversion reached 96% in 70 min with 98% selectivity (Table 1,
run 2). The selectivity is remarkably high, given the complex
mechanism of longifolene isomerization [25]. At 120oC, the
reaction was very fast: a 100% conversion was achieved in
<10 min; however, the selectivity dropped to 76% due to the
formation of high-boiling products, which were not GC determin-
able (Table 1, run 3).
merization of a-pinene.
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In blank tests, with no catalyst or pure silica added, practically
no reaction was observed at 100 8C. On the other hand, a nearly
quantitative yield of isolongifolene was obtained using small
amounts of HPA: an average turnover frequency of 7 min�1 and a
turnover number of 457 per one HPA proton were attained in run 2.
An important advantage is that no solvent was used and the
catalyst could be easily separated by filtration or centrifugation. In
run 2, the catalyst was reused two times after washing with hexane
without any loss in its activity and selectivity.

Because the HPA is insoluble in non-polar solvents, neither HPA
leaching nor any contribution of homogeneous catalysis was
expected. To prove this, the catalyst was removed from the
reaction system after reaction completion, fresh substrate was
added to the supernatant and the reaction was allowed to proceed
further. No activity was observed in this experiment, which
indicated that PW did not leach from silica into the reaction
medium under the conditions used.

3.2. Isomerization of a-pinene

a-Pinene is a very reactive substrate, so that a complex mixture
of products is formed in the presence of an acid catalyst, with
camphene selectivity being strongly dependent on the reaction
conditions and the amount of catalyst [28–36]. Silica-supported
PW showed excellent performance in a-pinene isomerization
(Table 2). In the temperature range from 60–100 8C, the selectivity
to camphene was 40–50% at an almost complete conversion
(Table 2, runs 3 and 4), matching the best results reported so far. At
60 8C, the reaction was relatively slow, taking about 5 h to be
completed, with 40% camphene selectivity; whereas at 100 8C, it
reached 90% conversion in 1 h, with 50% camphene selectivity. The
product distribution slightly varied over time. Under optimized
conditions, the selectivity to camphene was 50%, with 28%
limonene formed as a main by-product (Table 2, run 4). Minor
by-products were tricyclene, a-terpinene, g-terpinene, and
terpinolene (3–8% each). In total, camphene and limonene
accounted for ca. 80% of the a-pinene isomerization products
over PW/SiO2 catalyst. This compares well with most of the
reported catalysts, which usually give camphene along with a
mixture of up to 10 by-products, each of them in less than 10%
selectivity [28,32,34,35]. The PW/SiO2 catalyst was highly efficient
in an amount as low as 0.6 wt%, with a turnover number of 5450
and turnover frequency of 91 min�1 (Table 2, run 4).

No leaching of PW from silica was observed, as the reaction was
practically ceased to occur after removing the catalyst from the
reaction mixture in run 3. In run 2, the catalyst was reused 3 times
virtually without loss in activity and selectivity.

The acid-catalyzed transformation of a-pinene is likely to occur
via a carbenium-ion mechanism, which may be represented by
Scheme 2. A great number of mono-, bi-, and tricyclic isomers can
be formed in this system. It is generally accepted [28,30,31,41] that
the isomerization of a-pinene proceeds via two parallel pathways,
one of which resulting in bi- and tricyclic products (route A) and
the other in monocyclic products (route B). The reaction initiates
by protonation of the a-pinene double bond to form the pinanyl
cation, whose further rearrangement via opening the four-
membered ring results in almost equally stable isobornyl and p-
menthenyl cations [31,41]. The isobornyl cation can lose a proton
to directly yield tricyclene. Alternatively, it can isomerize to the
camphyl cation to yield camphene. Similarly, the p-menthenyl
cation can give either limonene and terpinolene by direct
deprotonation or a-terpinene and g-terpinene via rearrangement
into the tertiary p-menthenyl cation.

It has been suggested that the nature of acid active sites can
strongly affect the balance between the two possible routes of
isomerization of the pinanyl cation. Camphene and other bi- and
tricyclic products are thought to preferentially form on Lewis acid
sites, whereas monocyclic products on Brønsted acid sites [28–
30,33]. It is surprising, therefore, that in spite of the strong
Brønsted acidity of PW, the reaction occurred with up to 50%
selectivity to camphene at a complete substrate conversion, with
almost 80% combined camphene and limonene selectivity. The
effectiveness of the PW catalyst in a-pinene isomerization can be
related to a weak interaction of the heteropoly anion, which is a
very soft base, with carbenium-ion reaction intermediates [3]. The
heteropoly anion is unlikely to influence rearrangements of the
carbenium-ion intermediates; thus it differs from the anions of
conventional Brønsted acids, which usually strongly affect the
products, promoting side reactions.

4. Conclusions

We have found an efficient and environment-friendly solid acid
catalyst, H3PW12O40/SiO2, for the liquid-phase solvent-free isomer-
ization of a-pinene and longifolene to respectively camphene and
isolongifolene. The catalyst is easy to prepare; it is very active in
small amounts (0.15–5 wt%), exhibiting high turnover numbers
(457–5750), stable to leaching under reaction conditions, and can be
easily recovered and reused without loss of activity and selectivity.
Our synthetic protocols provide simple and clean routes to the
industrially important terpenic intermediates for the synthesis of
valuable fragrances. Further studies into developing heteropoly acid
catalysts for the valorization of renewable resources are underway.
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