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a  b  s  t  r  a  c  t

A  remarkable  effect  of  the solvent  nature  on  the  acid  catalyzed  transformation  of  �-pinene  oxide  allowed
direction  of  the  reaction  to  either  trans-carveol  or  trans-sobrerol.  Each  of  these  highly  valuable  com-
pounds  was  obtained  in  nearly  70%  yield  using  an  appropriate  polar  solvent,  whose  basicity  affected
strongly  the  product  distribution.  In  acetone,  a  weakly  basic  solvent,  the  reaction  over  heterogeneous
sol–gel  Sn/SiO2 or Ce/SiO2 catalysts  gave  mainly  trans-sobrerol.  No  leaching  of active  components  occurs
eywords:
somerization
-Pinene oxide
olvent effect
in catalysts
erium catalysts

under  the  reaction  conditions  and  the  catalysts  can  be  recovered  and  reused.  On  the  other  hand,  in  more
basic  solvent,  i.e.,  dimethylacetamide,  the  reaction  was  essentially  directed  to  trans-carveol.  Due  to the
leaching  problems  with  Sn/SiO2 and  Ce/SiO2 materials,  the synthesis  of  trans-carveol  was  performed
under  homogeneous  conditions  using  CeCl3 or SnCl2 as  catalysts  with  a catalyst  turnover  number  up
to  ca.  1200.  The  method  represents  one  of  the  few  examples  of  the  synthesis  of  isomers  from  �-pinene
oxide,  other  than  campholenic  aldehyde,  with  a sufficient  for practical  usage  selectivity.
. Introduction

Terpenic compounds, in general, are an important renewable
eedstock for the flavor and fragrance industry. Their oxygenated
erivatives usually show interesting organoleptic properties and
orm one of the most important groups of fragrance ingredients
1,2]. �-Pinene, a major constituent of turpentine oils obtained
rom coniferous trees, is a particularly valuable raw material in
he production of synthetic substitutes for natural aromas. The
poxidation of �-pinene provides �-pinene oxide, which can be
onverted by acid-catalyzed transformations in various expensive
ngredients for the flavor industry, such as campholenic aldehyde,
rans-carveol, trans-sobrerol and trans-pinocarveol.

�-Pinene oxide is highly reactive in the presence of acid and can
esult in a great variety of products. In one of the previous works,
ver 200 compounds formed from �-pinene oxide at temperatures

bove 100 ◦C have been found [3].  Therefore, the development of
he reaction which is selective for one particular product is a very
hallenging task. Most of the studies have been focused on the syn-
hesis of campholenic aldehyde, which is used for the manufacture
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of sandalwood-like fragrances [4]. Campholenic aldehyde can be
obtained from �-pinene oxide with a sufficient for practical appli-
cations selectivity [5–7], whereas all other compounds are usually
produced as minor products with less than 25% selectivities.

We have recently studied the application of heteropoly acid
H3PW12O40 (PW) for the liquid-phase isomerization of �-pinene
oxide in various solvents [8,9]. A remarkable effect of solvent
polarity and basicity on the chemoselectivity of this reaction was
found, which allowed a selective synthesis of various valuable fra-
grance compounds with reasonable selectivities. In cyclohexane,
a non-polar solvent, 70% selectivity to campholenic aldehyde was
obtained on a heterogeneous silica-supported PW catalyst, with a
combined yield for campholenic aldehyde and trans-carveol being
nearly quantitative. On the other hand, the use of polar solvents
allowed switching the reaction pathway to the formation of com-
pounds with a para-menthenic skeleton, such as trans-carveol and
trans-sobrerol. Polar basic solvents, such as dimethylacetamide,
favored the formation of trans-carveol; whereas polar weakly basic
solvents, such as acetone, promoted the formation of trans-sobrerol
[9].

The highest previously reported yield of trans-carveol (45%),
an expensive constituent of the Valencia orange essence oil used

in perfume bases and food flavor compositions, was obtained
using acidic molecularly imprinted polymers as protic catalysts in
equimolar to �-pinene oxide amounts [10]. trans-Sobrerol, a well-
known mucolytic drug, presently attracts increasing attention for

dx.doi.org/10.1016/j.molcata.2011.05.020
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:elena@ufmg.br
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Scheme 1. Some products of the acid-c

ts other important biological activities [11]. The highest previously
eported yield of trans-sobrerol (30%) was obtained in the reflux
ichloroethane solutions of �-pinene oxide and catalytic amounts
f TiCl4 [12]. Although we found that the PW catalyst could promote
he formation of trans-carveol and trans-sobrerol in higher than 70%
ield each using an appropriate polar solvent [9],  the reactions were
erformed under homogeneous conditions due to high solubility of
W in polar solvents. Nevertheless, these results encouraged us to
ork further with the isomerization of �-pinene oxide in order to
evelop heterogeneous catalytic processes for the selective synthe-
is of the products other than campholenic aldehyde, in particular,
rans-carveol and trans-sobrerol.

Within our program aimed at adding value to natural ingre-
ients of renewable essential oils [13–16] we decided to prepare
erium and tin containing molecular sieves and used them as acid
atalysts for the isomerization of �-pinene oxide in polar solvents.
he catalysts have been synthesized through a direct hydrothermal
ol–gel technique which usually affords more stable to leaching
aterials than conventional impregnation methods due to higher

evels of metal incorporation in a silica framework.
In the present work, we report a simple and efficient synthesis

f several highly valuable fragrance and/or pharmaceutical com-
ounds through the liquid-phase isomerization of �-pinene oxide

n the presence of cerium and tin catalysts. A remarkable effect of
olvent basicity on chemoselectivity allowed direction of the reac-
ion to either trans-carveol or trans-sobrerol, which were obtained
n nearly 70% yields.

. Experimental

.1. Catalyst preparation and characterization

The Sn/SiO2 and Ce/SiO2 catalysts were prepared by a
ol–gel method using tetraethoxysilane (14.90 g, TEOS, 99%,
igma–Aldrich) and SnCl2 × 2H2O (0.90 g, Sigma–Aldrich) or
eCl3 × 7H2O (1.44 g, Sigma–Aldrich), respectively, as precursors.
he sol was obtained from a TEOS/ethanol/water mixture in a
/3/10 molar ratio with the addition of HCl and HF (up to pH 2.0)
s catalysts. The samples were dried at 110 ◦C for 24 h and ther-
ally treated for 2 h at 500 ◦C in air. A pure SiO2 to be tested in

lank reactions was prepared by the same procedure without the
ddition of cerium or tin chlorides. The determination of total tin
nd cerium contents was performed by inductively coupled plasma
tomic emission spectrometry (ICP-AES) on a Spectro Ciros CCD
nstrument.

The textural characteristics of the catalysts were determined
rom nitrogen adsorption isotherms (Autosorb-Quantachrome

◦
OVA-1200 instrument, nitrogen, −196 C). Samples were out-
assed for 2 h at 300 ◦C before analysis. Specific surface
reas were determined by the Brunauer–Emmett–Teller (BET)
quation. Average pore diameters were determined by the
arrett–Joyner–Halenda (BJH) method.
veol trans-sobreroltran s-pinocarveol

ed transformations of �-pinene-oxide.

2.2. Catalytic experiments

The reactions were carried out in a glass reactor equipped
with a magnetic stirrer at 5–140 ◦C. In a typical run, a mixture of
�-pinene oxide (0.122–0.365 g, 0.8–2.4 mmol), dodecane (110 �L,
0.5 mmol, internal standard) and the solid catalyst (0.03–0.12 g of
Ce/SiO2, Sn/SiO2 or SiO2) or soluble metal chloride (5–20 �mol  of
CeCl3 × 7H2O or SnCl2 × 2H2O) in a specified solvent (5 mL)  was
intensively stirred under air at a specified temperature. The reac-
tion 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 inter-
vals, aliquots were taken and analyzed by GC. The GC mass balance,
product selectivities and yields were calculated based on the sub-
strate charged using dodecane as internal standard. The difference
was attributed to the formation of oligomers, which were not GC
determinable.

Catalyst recycling experiments were performed as follows: after
the reaction, the catalyst was centrifuged, washed with acetonitrile
and then with cyclohexane and reused. To control metal leach-
ing, the catalyst was removed at the reaction temperature and the
solution was  allowed to react further.

The structures of products 2–5 were confirmed by GC/MS
(Shimadzu QP2010-PLUS instrument, 70 eV) by comparison with
authentic samples. Major products were isolated by column chro-
matography (silica) and identified by 1H and 13C NMR  spectroscopy
(Bruker DRX-400, tetramethylsilane, CDCl3, COSY, HMQC, DEPT and
NOESY experiments).

Spectroscopic data for campholenic aldehyde (2) and trans-carveol
(3) have been reported in our previous work [8].

Spectroscopic data for trans-pinocarveol (4): MS  (m/z/rel.int.):
134/27 [M+−H2O], 119/53, 109/33, 105/20, 95/20, 93/32, 92/100,
91/80, 83/78, 81/38, 79/32, 77/20, 70/92, 69/50, 67/22, 55/90, 53/20.

Spectroscopic data for trans-sobrerol (5) have been reported pre-
viously [9].

3. Results and discussion

The results of the elemental analysis of the prepared solid
materials, their BET surface areas, average pore sizes, and pore vol-
umes are presented in Table 1. Both Ce/SiO2 and Sn/SiO2 samples
exhibited the isotherms characteristic of mesoporous materials
and relatively higher specific surface areas (297 and 366 m2 g−1,
respectively). The materials were tested as heterogeneous acid
catalysts in the liquid-phase isomerization of �-pinene oxide in
various solvents. Transformations of �-pinene oxide (1) under
acidic conditions can result in campholenic aldehyde (2), trans-
carveol (3), trans-pinocarveol (4) and trans-sobrerol (5) shown in

Scheme 1, as well as in numerous other products. In the present
work, our efforts were directed to achieve high selectivity to any
other than campholenic aldehyde product and to perform the pro-
cess under heterogeneous conditions, i.e., in the absence of leaching
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Table  1
Elemental analysis data and textural properties of the Ce/SiO2 and Sn/SiO2 catalysts.

Sample Ce or Sn
content (wt%)

BET surface
area (m2 g−1)

Total pore
volume (cm3 g−1)

BJH average pore
diameter (nm)
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SiO2 – 272 

Ce/SiO2 4.1 297 

Sn/SiO2 4.6 366 

f active components from the solid. As the best results in the
ynthesis of trans-carveol and trans-sobrerol from �-pinene oxide
ere previously obtained in dimethylacetamide (DMA) and ace-

one solutions, respectively [9],  we initiated our study with the
e/SiO2 and Sn/SiO2 catalysts using these compounds as solvents.

�-Pinene oxide was relatively stable in DMA  at 140 ◦C. In a blank
eaction, only a 5% conversion was observed for 20 h (Table 2, run
). To our surprise, pure silica, which was prepared by the same
rocedure as Ce/SiO2 and Sn/SiO2, promoted the isomerization of
-pinene oxide at a reasonable rate with high selectivity for trans-
arveol. In the presence of only 2 wt% of SiO2 in DMA, a nearly
omplete conversion of �-pinene oxide was attained for 10 h result-
ng in trans-carveol in 70% selectivity (Table 2, run 2). It is important
hat only two minor products have been observed in detectable
mounts, i.e., campholenic aldehyde and trans-pinocarveol, which
re also valuable compounds. A combined selectivity for camp-
olenic aldehyde, trans-carveol and trans-pinocarveol was as high
s 97%.

The sol–gel silica-included cerium catalyst, Ce/SiO2, promoted
uch faster reaction than pure silica giving a similar product distri-

ution (Table 2, run 3 and run 2). In run 4, trans-carveol was formed
n nearly 70% yield. However, in a further study it has been shown
hat the reaction is not truly heterogeneous and the catalyst loses
he activity due to leaching of active components. The Ce/SiO2 cat-

lyst recovered from the reaction mixture after run 3 by filtration
nd reused in run 5 showed much lower activity (52% vs. 98% con-
ersion in 3 h) than during the first use (Table 2). Although in the
hird reaction cycle (Table 2, run 6) the activity of the catalyst did

able 2
somerization of �-pinene oxide (1) in dimethylacetamide (DMA) solutions at 140 ◦C.a

Run Catalyst Ce or Sn (�mol) Substrate (mmol) Time (h) 

1 – – 0.8 20 

2  SiO2 (0.12 g) – 0.8 3 

10 

3  Ce/SiO2 40 0.8 3 

4  Ce/SiO2 40 2.4 8 

5c Ce/SiO2 40 0.8 3 

6d Ce/SiO2 40 0.8 3 

7  Sn/SiO2 40 0.8 0.5 

1.5  

8e Sn/SiO2 40 0.8 0.5 

3
9  CeCl3 20 0.8 2 

10f CeCl3 20 0.8 4 

11  SnCl2 20 0.8 0.5 

12f SnCl2 20 0.8 1 

13  SnCl2 20 1.6 1 

14  SnCl2 5 1.6 1.5 

15g SnCl2 5 1.6 1.5 

1.6  2.5 

1.6  4 

a DMA  5 mL, solid catalyst ca. 2.0–2.5 wt%. Conversion and selectivity were determined
b TON – moles of the substrate converted/moles of Ce or Sn. TOF – the average turnove
c The catalyst was re-used after run 3.
d The catalyst was re-used after run 5.
e The catalyst was removed by filtration after 0.5 h at the reaction temperature and the
f 120 ◦C.
g After run 14, three fresh portions of the substrate (1.6 mmol each) were added conseq

ON  is given.
0.91 10.2
0.82 5.2
0.56 6.7

not decrease further, the rate of the reaction with the spent catalyst
was nearly the same as that with pure silica. Whereas the fresh cat-
alyst resulted in a virtually complete conversion for 3 h (Table 2, run
3), in recycling experiments as well as with pure silica, only ca. 60%
of the substrate was  converted for the same reaction time (Table 2,
runs 2, 5 and 6). Moreover, when the catalyst was filtered off at the
reaction temperature, the filtrate continued to convert �-pinene
oxide. Thus, the Ce/SiO2 catalyst releases active components to the
DMA  solution and the process is not truly heterogeneous.

The sol–gel silica-included tin catalyst, Sn/SiO2, also promoted
the isomerization of �-pinene oxide, with the reaction being even
faster than that over Ce/SiO2 (Table 2, cf. runs 3 and 7). The main
reaction product was  also trans-carveol obtained in a 70% yield.
The combined yield for trans-carveol and campholenic aldehyde
reached 90% in this reaction. However, leaching experiments with
the tin catalyst also showed disappointing results. In run 8 (Table 2),
which was performed under the same conditions as run 7, the
catalyst was  removed by filtration after 0.5 h at the reaction tem-
perature and the filtrate was  allowed to react further. As it can be
seen, the reaction keeps going in the absence of the solid, albeit at
a lower rate. Thus, both the Ce/SiO2 and Sn/SiO2 materials are not
stable in DMA  solutions under the reaction conditions and release
active components to the solution.

In a further study, we decided to use cerium and tin chlo-

rides as soluble homogeneous catalysts for the isomerization of
�-pinene oxide in DMA. These compounds could represent cheaper
alternatives for the homogeneous PW catalyst for the synthesis of
trans-carveol from �-pinene oxide developed in our previous work

Conversion (%) Product selectivity (%) TONb TOFb (h−1)

2 3 4

5
58
95 16 70 11
98 19 72 5
98 18 73 5
52 19 69 7
58 20 70 6
48

100 20 70 5
52
92 20 71 6

100 17 42 36 40 20
100 16 41 38 40 10
100 16 70 10 40 80
100 15 68 12 40 40
100 19 62 15 80 80
100 17 65 15 320 213

98 17 62 17 634 210
95 19 64 15 938 122
90 18 60 19 1226 72

 by GC.
r frequency.

 filtrate was  allowed to react further.

uently, each one after the nearly complete conversion of the previous portion. Total
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Table  3
Isomerization of �-pinene oxide (1) in acetone solutions.a

Run Catalyst Ce or Sn (�mol) Substrate (mmol) T (◦C) Time (min) Conversion (%) Product selectivity (%)

2 3 5

1 – – 0.8 25 300 5
2  SiO2 (0.12 g) – 0.8 25 180 84 19 10 69
3  SiO2 (0.12 g) – 0.8 40 180 97 16 13 70
4 Ce/SiO2 40 0.8 25 30 96 14 12 72
5 Ce/SiO2 40 0.8 40 30 100 21 11 65
6  Ce/SiO2 40 0.8 5 90 100 18 10 70
7b Ce/SiO2 20 0.8 25 180 98 16 10 72
8  Sn/SiO2 20 0.8 25 15 100 17 11 70
9  Sn/SiO2 10 0.8 25 15 100 16 10 72

10 Sn/SiO2 10 1.6 25 60 95 17 11 72
11b Sn/SiO2 10 0.8 25 30 43

180 80 20 14 63
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a Conditions: acetone 5 mL, solid catalyst 0.5–3.0 wt%. Conversion and selectivity
b Water was  added (1 vol%).

9].  Representative results are shown in Table 2. In the presence of
eCl3 (0.025 eq), the reaction occurred smoothly resulting in a com-
lete conversion for 2–4 h depending on the reaction temperature
Table 2, runs 9 and 10). However, the product distribution was dif-
erent from that observed in the heterogeneous system, in which
rans-pinocarveol was detected only as a minor product (ca. 5%).
n the cerium catalyzed homogeneous reaction, trans-carveol and
rans-pinocarveol were formed in comparable amounts in ca. 40%
electivity each, with campholenic aldehyde being a main minor
roduct (ca. 15%). The system is synthetically useful considering

 high combined yield for three expensive fragrance compounds
95%), low catalyst to substrate ratio and possibility to re-use the
atalyst solution in DMA  after the extraction of the products with
ydrocarbon solvent, e.g., hexane. In most of the reported systems,
he main product of the �-pinene oxide isomerization (usually
ampholenic aldehyde) was obtained along with numerous side
roducts [3,7].

The conversion of �-pinene oxide in the solutions of SnCl2
0.025 eq) was very fast, much faster than with CeCl3. The tin
atalyzed reactions showed four times higher average turnover
requencies (TOFs) than those catalyzed by cerium (Table 2, runs
1 and 12 vs. runs 9 and 10) and gave ca. 95% combined yield for
ampholenic aldehyde, trans-carveol and trans-pinocarveol, with
rans-carveol accounting for ca. 70% of the mass balance. Aiming to
mprove the catalyst efficiency in terms of turnover number (TON)

e increased the substrate concentration and then decreased the
atalyst amounts (Table 2, runs 13 and 14). In run 14, TON of 320
er mol  of Sn and 65% selectivity to trans-carveol were obtained.
fter run 14, three fresh portions of the substrate (1.6 mmol  each)
ere added consequently, each one after the nearly complete con-

ersion of the previous portion. The total TON of 1226 per mol  of
n was obtained in this reaction, which gave campholenic alde-
yde, trans-carveol and trans-pinocarveol in a nearly quantitative
ombined yield (Table 2, run 15).

Thus, in the DMA solutions, tin and cerium catalysts as well
s pure silica promote the isomerization of �-pinene oxide giving
ainly trans-carveol, with only two minor products: campholenic

ldehyde and trans-pinocarveol.
In a further study, we have tested the prepared Ce/SiO2 and

n/SiO2 materials for the isomerization of �-pinene oxide in ace-
one solutions. Representative data are collected in Table 3. In this
ase, much more promising results in terms of catalyst leaching
ere obtained, which allowed the development of truly heteroge-
eous processes for the synthesis of highly valuable trans-sobrerol.
n a blank reaction with no catalyst added, only 5% conversion
as observed for 6 h at room temperature (Table 3, run 1). In the
resence of pure silica, �-pinene oxide undergoes a relatively fast

somerization even at room temperature (Table 3, run 2). At 40 ◦C
 determined by GC.

with pure silica, a nearly complete conversion was achieved for 3 h
giving trans-sobrerol in ca. 70% yield (Table 3, run 3).

With the Ce/SiO2 catalyst, the reaction showed a similar product
distribution; however, it was  much faster than that with pure silica
(Table 3, runs 2 and 3 vs. runs 4 and 5). For the comparison purpose,
the same mass amounts of SiO2 and Ce/SiO2 were used in these
runs. In an attempt to change the reaction selectivity, we decreased
the reaction temperature; however, it did not affect significantly
the reaction pathways (Table 3, run 6). Then, we  have added water
(1 vol%) to the system trying to increase the yield of the main prod-
uct, trans-sobrerol, whose formation requires water (Table 3, run
7). However, we  did not succeed: the best obtained yield of trans-
sobrerol was nearly 70%. It is important to note that only two
minor products have been observed in detectable amounts along
with trans-sobrerol, i.e., campholenic aldehyde and trans-carveol,
with a total yield for all three valuable compounds being almost
quantitative.

In the presence of the Sn/SiO2 material, the reaction was very
fast as the analysis of the first aliquot taken after 15 min  showed a
complete conversion (Table 3, runs 8 and 9). Further, the amount
of the catalyst was  decreased whereas the substrate concentra-
tion was increased (Table 3, run 10). In this run with only 0.5 wt%
of the catalyst, trans-sobrerol was  obtained in ca. 70% yield. Con-
sidering that for the formation of trans-sobrerol water is needed
we have added 1 vol% of water to the system (Table 3, run 11).
However, the presence of extra amounts of water resulted in no
changes in the product distribution, with the reaction rate being
decreased significantly (Table 3, run 11 vs. run 9). It should be
mentioned that, generally, water was not added to the reaction
system. The amount of hydration water present in the solid cata-
lysts and commercial �-pinene oxide and acetone was sufficient
for the formation of sobrerol. In addition, water could be present
inside SiO2 pores of the catalysts which had a pore volume of
0.56–0.91 cm3 g−1.

The leaching of active components from the Ce/SiO2 and Sn/SiO2
materials under the reaction conditions was  verified in special
experiments. After runs 5 and 9 (Table 3), the catalysts were filtered
off at the reaction temperature to avoid re-adsorption of leached
metal ions onto the solid support. Then, the filtrates were recharged
with fresh substrate and allowed to react further. No conversion
of �-pinene oxide was observed after catalyst removing, provid-
ing strong evidence in support of heterogeneous catalysis. Thus,
the reaction solutions contained no significant amounts of active
species and the activity of both sol–gel silica-included catalysts,

Ce/SiO2 and Sn/SiO2, was  due to the active species immobilized in
the mesoporous silica framework. The behavior of both spent cat-
alysts recovered after runs 5 and 9 (Table 3) with fresh substrate
was nearly the same as in the original reactions.
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Scheme 2. Schematic representation of the Lew

A schematic representation of the Lewis acid-catalyzed trans-
ormations of 1 into products 2–5 is given in Scheme 2. In this
cheme, “La” represents Lewis acid active sites on the catalyst sur-
ace (cationic cerium and tin species) or in the solution (Ce3+ and
n2+ ions). The activation of the epoxide moiety by the acidic sites
nduces epoxy ring opening and initially gives carbenium ion A. The
atter can undergo several competing processes. First, it can give
irectly, without any isomerization, trans-pinocarveol 4 through a
ydrogen shift from the C-10 methyl group to the oxygen atom.
he hydrogen abstraction and transfer could be assisted in our
ystem by the basic solvent, DMA. In the CeCl3/DMA system, trans-
inocarveol accounts for ca. 40% of the mass balance. In addition,
arbenium ion A can rearrange into carbenium ions B or C through
he movement of the pair of electrons from the same carbon-carbon
-bond to either C-7 or C-6, respectively. Carbocation B gives cam-
holenic aldehyde 2 through the C-1–C-2 bond cleavage, whereas
arbocation C forms trans-carveol 3 through the proton shift from
he C-9 methyl group. The latter process could also be assisted by
he basic solvent (in DMA) and/or by the oxygen atoms from the
iO2 support acting as Lewis basic sites (in both acetone and DMA
olvents).

The results obtained in the present work showed that a solvent
ature can profoundly affect the reaction pathways and product
omposition. This observation allowed us to develop efficient syn-
heses of various compounds from �-pinene oxide through the
hoice of the appropriate solvent. As it can be seen in Scheme 2,
elative amounts of trans-pinocarveol 4, the product with a bicyclic

on-isomerized pinane skeleton, and monocyclic compounds 2, 3
nd 5 depend on the balance between the hydrogen transfer in
ation A (route A) and its isomerization in cations B and C (routes

 and C). Trans-pinocarveol was formed in significant amounts in
5

-catalyzed transformations of �-pinene-oxide.

DMA  solutions but not in acetone. Both, DMA  and acetone are highly
polar solvents; however, DMA  has much higher basicity (pKa ≈ −0.5
for DMA  H+ vs. pKa ≈ −7 for (CH3)2COH+ [17]). Therefore, it seems
reasonable that carbocation A is more prompted to undergo a pro-
ton shift (route A) before its isomerization (routes B and C) in DMA,
which has relatively strong proton acceptor properties, than in less
basic acetone.

On the other hand, the ratio between aldehyde 2 and para-
menthenic compounds 3 and 5 is influenced by the balance
between two different rearrangements of carbeniun ion A: into
cyclopentanic cation B (route B) and into para-menthenic cation
C (route C). Tertiary carbeniun ion C is more thermodynamically
stable than secondary carbenium ion B; therefore, the formation of
aldehyde 2 should be kinetically controlled. Carbenium ion C can
give trans-carveol 3 or undergo a nucleophilic attack by water to
form trans-sobrerol 5.

In the previous work [9],  we have found that the increase in
both solvent basicity and polarity strongly prejudices route B to
aldehyde 2, whereas it favors route C to para-menthenic prod-
ucts. For example, in cyclohexane, a non-polar non-basic solvent,
the main reaction product was campholenic aldehyde 2. A high
ion-solvating ability of polar solvents could result in stabilization
of cation A favoring its rearrangement into more stable tertiary
carbenium ion C. On the other hand, the distribution between para-
menthenic products 3 and 5 depends on solvent basicity rather than
on its polarity. In basic and polar DMA, where the proton transfer
in C can be assisted by the solvent, the formation of trans-carveol

3 occurs faster than the formation of trans-sobrerol 5 and becomes
the preferable reaction pathway.

It should be mentioned that the results obtained with differ-
ent catalysts (PW, Ce, Sn and SiO2) clearly show that the balance
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etween the reaction pathways leading to different products from
-pinene oxide is mostly determined by the nature of the solvent

ather than by the nature of the catalyst or other reaction variables.
owever, further studies should be targeted toward clarifying the
ffect of solvent polarity and bacisity on the acidity of the cata-
yst surface, which should also be considered for understanding
he reaction selectivity.

. Conclusions

Chemoselectivity of the isomerization of �-pinene oxide can
e controlled through the choice of the solvent, whose polarity
nd basicity determine the reaction pathways. The heterogeneous
rocess for the synthesis of highly valuable trans-sobrerol has
een developed using weakly basic acetone as a solvent and
ilica-included tin and cerium materials as easily recoverable cat-
lysts. Even pure silica alone can be used as a heterogeneous
atalyst in this reaction, albeit less effective in terms of cat-
lytic activity. On the other hand, in dimethylacetamide, which
s much more basic, the reaction is essentially directed to trans-
arveol, regardless of the catalyst. The sol–gel Sn/SiO2 and Ce/SiO2
aterials showed high activity and selectivity for trans-carveol;

owever, the filtrate solutions promoted the isomerization of �-
inene oxide after the catalyst removal. Due to these leaching
roblems, the synthesis of trans-carveol was performed using dis-
olved CeCl3 or SnCl2 as homogeneous catalysts or pure silica as
 heterogeneous catalyst. The developed methods are among few
xamples of the selective synthesis of other than campholenic alde-
yde compounds from �-pinene oxide through its acid-catalyzed

somerization.
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