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bstract

Transformations of limonene diepoxides on solid SO4/ZrO2 catalysts in dried methylene chloride at room temperature were investigated by
arying the amounts of supported sulfate ions and zirconia polymorphs. A method for estimating acid centers from DRIFTS spectra of adsorbed
yridine on the solid catalyst in a dried methylene chloride solution has been developed. It is shown that the mechanism of diepoxide transformations
s changed by varying the type and amount of acid centers. At a 0.9–3% level of sulfation, Lewis centers are mainly responsible for the initial
leavage of the 8,9-epoxy group of limonene diepoxides (route B). At higher contents of sulfate ions (up to 30 wt.% SO4), the key transformations

roceed with cleavage of the 1,2-epoxy group (route A) and involve the Brønsted centers. The type of support affects the structural features of the
ulfate ions, which govern the rearrangement of limonene diepoxides by route A or B. Transformation of limonene diepoxides on the Lewis centers
ormed on sulfated alumina follows mainly route A. The type of acid centers also affects the stereochemical composition of the product mixture.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The epoxy ring readily formed by oxidation of double bonds
xhibits high reactivity in acidic and basic media [1]; this is
art of many biologically active compounds, both natural and
ynthetic, and an important building block in organic synthesis
2]. Because of their unique structure and biological activity,
poxy terpenes are very important substrates for chemical syn-
hesis; these are inexpensive and readily available compounds.
eactions with these compounds used as substrates afford prod-
cts from various classes of organic compounds. Using zeolites,

lays, and other solid acids as catalysts of acid transformations
f terpenes and their epoxy derivatives not only improves the
cological characteristics of processes and lowers the barriers

∗ Corresponding author. Tel.: +7 3833308870; fax: +7 3833309752.
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o activation of known transformations, but also occasionally
hanges the reaction route compared to routes in homogeneous
edia [3].
As is known, dissolution of limonene diepoxides 1a,b

n homogeneous acid media leads to reactions necessarily
nvolving an external nucleophile. The cation center initially
ormed during cleavage of the protonated epoxy ring either
eacts immediately with the external nucleophile, giving the
roducts of independent cleavage of epoxy rings 2a,b–3a,b
4,5] or undergoes intramolecular cyclization, forming the
-oxabicyclo[3.2.1]octane cation trapped by the external nucle-
phile to give compounds 4a,b–5a,b [5] (Scheme 1). Thus
issolving diepoxides 1a,b in 1N HCl in ether leads to cleav-
ge of the 1,2-epoxy ring, forming hydrochloride 2a,b. In the

cetone–water–sulfuric acid system, the 1,2-epoxy ring is con-
erted into diol, and the 8,9-epoxy group reacts with the acetone
olecule to form 1,3-dioxolane ring 3a,b. Transformations of

imonene diepoxides 1a,b in formic and trifluoroacetic acids

mailto:ana@nioch.nsc.ru
dx.doi.org/10.1016/j.molcata.2007.01.005
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ead to 6-oxabicyclo[3.2.1]octane derivatives 4a,b–5a,b. Iso-
erization on solid acid catalysts (zeolite-�, askanite-bentonite

lay, clay K-10, and SO4/TiO2) does not involve an external
ucleophile and leads to a wide spectrum of optically active bis-
nd tricyclic oxygen-containing compounds (Scheme 1) [6]. The
ualitative and quantitative compositions of the reaction mixture
epend on the type of the solid catalyst used. On clays, com-
ound 7 was the major product, while 6, 8a,b, and 9 formed in
maller amounts (ratio of 6, 7, 8a,b, and 9 was ∼4:7:2:3, respec-
ively, GLC data). On zeolite and sulfated titania, the reaction
ave 6, 7, and 10 (product ratio was ∼2:2:5 and ∼3:1:2, respec-
ively, GLC), the major product being either compound 10 or
ompound 6 (GLC).

It is important that contrary to homogeneous media, solid
cid catalysts promote biomimetic mechanisms of the transfor-
ations of limonene diepoxides. For example, isobottrospicatol
was previously obtained by the action of Streptomyces bot-

ropensis on carveol [7], compound 10 was isolated from the
erial parts of Haplopappus multifolius [8], and tricyclic diethers
a,b possess the framework of paeonimetaboline [9].

The significant effect of the nature of the solid acid catalyst
n the composition of the product mixture and product ratio
n transformations of limonene diepoxides 1a,b prompted us to
nvestigate the catalyst structure effects on the reaction route to
ain more profound understanding of the processes and to study
ossible effects of some characteristics of the solid catalyst on
he composition of the reaction mixture.

Sulfated zirconia showed remarkable activity in reactions
ot catalyzed by conventional solid catalysts, e.g., in skele-
al isomerizations of alkanes, alkane alkylations with alkenes,
ow-temperature crackings of polyolefins, Friedel–Crafts type
lkylations, citronellal cyclizations, and benzoic acid etherifi-
ations [10–19]. The high catalytic activity of sulfated zirconia
as attributed to superacidity of this compound. However, some

uthors claimed that sulfated zirconia has no superacidity or
hat catalytic activity is not related to superacidity [20–23]. The

tate of the surface of zirconia polymorphs may influence the
ature of the adsorbed sulfate, leading to ionic or covalent sul-
ates [24–28]. The covalent character of the sulfate depends on
he degree of surface dehydration and on the type of coordina-

b
n
a

.

ion of the oxygen atom(s) to the Zr centers (reducing the S O
ond order) [24–25]. Yamaguchi [26] assumed that the sulfate
helates one Zr atom with a double oxygen bond, attracting elec-
rons and making it a strong Lewis acid. Clearfield et al. [27]
uggested that sulfur bridges two zirconium atoms and that by
ater sorption Lewis acid sites are converted to Brønsted acid

ites. In an HRTEM study, Benaissa et al. [28] observed two- or
hreefold coordination of sulfate groups to zirconia crystallites.
nterpretation of the acidic properties of sulfated zirconia is fur-
her complicated by the dependence of the nature of this material
n the preparation methods and conditions [29–32]. The sulfate
ons, adding during the synthetic procedure, stabilize tetragonal
irconia, but increase the particle size of the phase [14].

The role of different types of acidic center and polymorphous
odifications of zirconia in the reactions is also the source of

ontroversy. The higher activity of pseudocubic sulfated zirconia
n n-butane isomerization compared with tetragonal and espe-
ially monoclinic modifications cannot be attributed to changes
n surface functionalities, but is believed to be the consequence
f better stabilization of the high-symmetry crystalline form
due to the more favorable distribution of sulfates in regular and
efective parts of crystals) [12]. Both Lewis and Brønsted active
cid centers were claimed to be important for the reaction. For
anosized zirconia applied to alumina-silicate layers of montmo-
illonite (Zr pillared clay) and consisting predominantly of single
r4 tetramers, sulfation at low loading starts with formation of

solated sulfate bound with Zr4+ cations [13]. The increased
cidity (Brønsted centers) is associated with polymerized sulfate
pecies formed at high loading and guaranteeing higher activ-
ty in n-hexane isomerization and isopropanol dehydration. The
rønsted centers generated by loading excess sulfate are active

n skeletal isomerization, while the Lewis centers of submono-
ayer sulfate, covering the surface, catalyze Friedel–Crafts type
lkylation of benzene with benzyl chloride in the liquid phase
11]. The presence of both Lewis and Brønsted sites is essential
o cyclization of citronellal to isopulegol [18].
This controversy in determining active reaction centers may
e associated not only with the complexity of reaction mecha-
isms or the effects of the synthetic procedure of catalysts, but
lso with methods for evaluating the acid centers of the cata-
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Table 1
Chemical composition, specific surface area (SSA), and number of acidic centers for sulfated catalysts (wt.% SO4)

Sample number Chemical composition SSA (m2/g) Number of acidic centers (a.u.)

Lewis type Brønsted type

Sample 1 0.9% SO4/90% M + 10% T-ZrO2 63 n.d.a n.d.
Sample 2 0.9% SO4/C-ZrO2 60 n.d. n.d.
Sample 3 0.9% SO4/60% T + 40% M-ZrO2 145 1.6 0
Sample 4 1.8% SO4/60% T + 40% M-ZrO2 140 n.d. n.d.
Sample 5 3.0% SO4/60% T + 40% M-ZrO2 130 0.7 2.8
Sample 6 9.0% SO4/60% T + 40% M-ZrO2 110 n.d. n.d.
Sample 7 15.2% SO4/60% T + 40% M-ZrO2 100 0 4.5
Sample 8 30.3% SO4/60% T + 40% M-ZrO2 81 n.d. n.d.
Sample 9 3.0% SO4/�-Al2O3 189 3.7 0
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ample 10 0.9% SO4/Zr PL

a n.d.: not determined.

ysts. According to quantum chemical data, the strength of acid
enters in sulfated zirconium dioxide is close to that in sulfu-
ic acid, but weaker than that in zeolites [33,34]. The data of the
racer method confirm that the strength of the acid centers of sul-
ated zirconium dioxide approaches the strength of these centers
n 100% sulfuric acid [35]. However, varying the color of the
ammett indicator may affect the chemical nature and the envi-

onment of the solid surface, resulting in detection of properties
hat are far from the working state of the catalyst. Moreover,
t is generally difficult to derive exact quantitative data from
he color of the indicator. To determine the acidic properties
f sulfated zirconium dioxide one can also employ gas-phase
dsorption of ammonia and pyridine [11–13,18]. However, ther-
ally programmed desorption of ammonia resulted in peaks

bserved at high temperatures well above the reaction temper-
tures. Ammonia adsorbed on a pure support may be removed
y preliminary treatment of the surface with steam, significantly
educing the temperature of the desorption peak [11]. In the case
f pyridine, the surface centers may be detected from the charac-
eristic IR bands of various adsorbed complexes. In the region of
dsorbed complexes, however, IR spectra depend significantly
n the desorption temperature. Preliminary sample training in
acuum before adsorption is a substantial disadvantage com-
on to all of these methods because it can drastically change

he composition of the surface.
In this work we have studied for the first time the transfor-

ations of limonene diepoxides in the presence of methylene
hloride on ZrO2 solid catalysts at room temperature while
arying the structure of zirconia and activating the surface with
upported sulfate ions. The following modifications of highly
isperse bulk zirconia are known: monoclinic (M), tetragonal
T), and partially stabilized (e.g., by calcium cations) low-
emperature cubic (C) forms [36,37]. We used three zirconia
amples: (90% M + 10% T), (60% T + 40% M), and (C + 5%
aO) with particle size varying from 5 to 10 nm. The specific

urface of the starting pure support was 74, 150, and 72 m2/g for
he prevalent M, T, and C modifications of zirconia, respectively.

anosized zirconia (particle size 1.0–1.5 nm), stabilized in the

nterlayer space (gallery height ∼ 0.7 nm) of layered montmoril-
onite clay (Zr PL) (which differs from bulk ZrO2 in its properties
38]), was used to estimate the size effect of zirconia particles.

T
b

240 0 2.0

he content of the sulfate ions in the catalysts varied from 0.9 to
0 wt.% SO4. The acidic (Lewis and Brønsted) properties of sul-
ated zirconias were investigated by analyzing the characteristic
ands of pyridine in the DRIFT spectra after pyridine adsorption
rom a methylene chloride solution at room temperature. This
ethod was elaborated in order to be able to compare the acidic

roperties and activity of the catalysts under similar conditions.

. Results

.1. Structural effects of sulfated zirconia

On pure zirconium-containing supports, no transformations
f limonene diepoxides 1a,b have been observed. For sulfated
amples, the activity and selectivity with respect to reaction
roducts depend on the modification of zirconia and on the
mount of supported sulfate ions. Comparative experiments on
he structure effects of sulfated zirconias on the transformations
f limonene diepoxides 1a,b were carried out on samples 1–3
ontaining 0.9 wt.% SO4 (Table 1). For all these samples, the
eaction formed the same products: cyclic alcohol 9 as the major
roduct (Scheme 2 and Table 2) together with minor amounts of
ricyclic diethers 6 and 7 (ratio of 9:6:7 is ∼10:1:1, GLC). How-
ver, the activity depends on the zirconia polymorphs. Thus after
4 h, conversion of the starting diepoxide was 60% for sample 1,
0% for sample 2, and 100% for sample 3. The highest activity
f sample 3 may be attributed to the specific features of sulfate
ons on zirconia supports: catalysts based on pseudocubic or

onoclinic zirconia are less active than catalysts based on the
etragonal phase. The specific surface area (SSA = 150 m2/g),
s well as the degree of disordering and surface hydroxylation,
ncreased with the proportion of the tetragonal phase (IR and
aman spectral data) [39]. This type of support containing a
ixture of the T and M modifications of zirconia was chosen

or experiments with varied contents of sulfate ions.

.2. Effects of the content of sulfate ions
Catalysts containing 0.9–30.3 wt.% SO4 were prepared.
able 1 gives a list of catalyst products. For catalysts prepared
y wetness impregnation with an (NH4)2SO4 solution and espe-
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ially for catalysts with over 3 wt.% SO4, the specific surface
ecreased. When sulfate ions are present in high contents, their
ocation along the domain boundaries probably favors the for-

ation of large particles of zirconia, leading to two-dimensional
ulfates. Zirconia particles were also observed to enlarge after
ignificant amounts of sulfate ions were added at the stage of
ynthesis [14].

Table 2 lists data on the transformations of diepoxides 1a,b
n sulfated zirconia with different concentrations of sulfate ions
from 0.9 to 30.3 wt.% SO4). Increased contents of sulfate ions

more than 0.9 wt.% SO4, samples 4–8) led to higher catalyst
ctivity in the transformations of diepoxides 1a,b; 100% con-
ersion of these compounds was observed even after 5 h (versus
4 h for sample 3) of reaction at room temperature. Isomeriza-

c
t
c
i

able 2
roduct ratios in transformations of limonene diepoxides 1a,b on sulfated catalysts

atalysta Product ratiob

6 7 8a,b 9 10

ample 3e 1.1 1.1 – 10.4 –
ample 4 1.6 2.5 0.7 8.7 –
ample 5 1.7 2.5 1.9 4.3 1.7
ample 6 1.7 2.5 2.0 0.4 3.4
ample 7 1.8 2.5 2.1 – 3.7
ample 8 1.9 2.4 2.1 – 3.6
ample 9 0.4 2.9 – – 15.5
ample 10 3.9 3.1 1.0 3.6 2.8

a Reactions conducted in methylene chloride for 5 h, ratio of starting diepoxides 1a
b Peak areas given according to GLC data in reaction mixtures with an internal stan
c The sum of all peak areas on the chromatogram.
d Route A, compounds 6, 10–13; route B, compounds 7–9.
e Reaction conducted for 24 h.
.

ion of diepoxides 1a,b on sample 3 containing 0.9 wt.% SO4
electively formed isobottrospicatol 9 and minor amounts of
ompounds 6 and 7 (Scheme 2). At higher sulfate concentrations
1.8–3.0 wt.% SO4), the composition of the reaction mixture
radually became more complex: the relative content of com-
ound 9 decreased, while the contents of compounds 6 and 7
ncreased, and new products appeared in the reaction mixture:
a,b, 10, 11, 12, and 13. For catalysts containing more than
% sulfate ions, compound 9 was present in minor quantities
f at all; the ratio of other compounds did not change signifi-

antly. The total peak areas of the products are independent of
he composition of the zirconia-based catalysts (Table 2), indi-
ating that the catalysts generally have the same level of activity
rrespective of the sulfate ion content. The contribution of other

∑
c Selectivityd (%)

11 12, 13 Route A Route B

– – 12.6 9 91
– 0.2 13.7 13 87
0.6 1.3 14.0 38 62
1.1 1.3 12.4 61 39
1.1 1.8 13.0 65 35
1.3 1.8 13.1 66 34
– – 18.8 94 6
0.9 0.4 15.7 51 49

:1b = 3:2, ratio of solid catalyst:diepoxides = 5:2.2 (by mass).
dard whose peak area is taken for unity.
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ypes of reactions (e.g., polymerization, oxidation, etc.) did not
hange with the chemical composition of the catalyst and was up
o 10% of the total amount of diepoxides 1a,b used (evaluated
rom the weight of the compounds separated from the catalyst).

ajor differences between the catalysts are reflected by product
electivity and may be caused by varying the structure of active
ulfate ions.

Scheme 2 shows the possible mechanism of transformations
f diepoxides 1a,b [6]. The reaction possibly starts with cleav-
ge of the protonated 1,2-epoxy group of diepoxides 1a,b (route
, compounds 6, 10–13 as products) or of the protonated 8,9-

poxy group (route B, compounds 7–9 as products). Analysis of
he dependence of the product ratio on the catalyst in the transfor-

ations of limonene diepoxides 1a,b (Table 2) revealed that the
ontribution of reaction route A or B depends on the concentra-
ion of the sulfate ions. For catalysts with low contents of sulfate
ons, the major reaction products were the compounds that corre-
ponded to the initial cleavage of the 8,9-epoxy group (route B),
hile increased sulfate ion concentration led to increased con-

ents of products formed by the initial cleavage of the 1,2-epoxy
roup (route A). Thus activation of polyfunctional terpenoid
a,b is rather sensitive to the structure of active centers on the
urface.

The relative distribution of isomerization products within
roups of compounds formed by different routes also depends
n the concentration of the sulfate ions. While compound 6 was
resent in the reaction mixture in pronounced (but moderate,
–15%) quantities at any concentration of the sulfate ions, 2-
xabicyclo[3.3.1]nonanes 10–13 formed in significant amounts
nly on the sample containing 9.0% supported sulfate ions.
t higher sulfate concentrations, the relative contents of these

ompounds in the mixture were practically independent of the
atalyst composition.

Compound 9 with a 2-oxabicyclo[3.2.1]octane type frame-
ork formed as the major product on samples 3–5, but vanished

rom the reaction mixture completely when the samples con-
ained more than 9.0% supported sulfate ions. At the same time,
ricyclic diether 7 obtained by intramolecular heterocyclization
n cation IV (Scheme 2) structurally related to cation III that
orms compound 9 (the only difference being the position –
ndo or exo – of the hydroxymethylene group) was present on
ll sulfated catalysts of the series. Thus varying the concentra-
ion of supported sulfate ions is critical not only to the site at
hich the cation center appears, but also to the stereochemical

tructure of products.
Reactions of limonene diepoxides 1a,b with sulfated Zr pil-

ared clay containing 0.9 wt.% SO4 (sample 10) proceeded more
eadily than reactions with sample 3 having the same amount of
upported sulfate ions. Full conversion of limonene diepoxides
a,b on sample 10 was revealed after 5 h of reaction versus 24 h
or sample 3. At the same time, transformations of limonene
iepoxides 1a,b over sulfated pillared clay containing smaller
irconia particles (sample 10; 1.0–1.5 nm versus 7.5 nm for 60%

+ 40% M) gave a wide range of products with practically equal

istributions between routes A and B (Table 2). As a matter
f fact, the product ratio is intermediate between the ratios for
amples 5 and 6 prepared from bulk zirconia. Pillar clay con-

i
s
i
a

atalysis A: Chemical 269 (2007) 72–80

ains 20 wt.% ZrO2. When calculated based on bulk zirconia,
he content of sulfate ions in this sample is 4.5 %, which is inter-

ediate between the contents of these ions in samples 5 and 6.
t the same time, percent of compound 6 in sample 10 is larger,
hich may be due to the change in the structure of sulfate ions
n the surface of nanosized zirconia in pillared clay. Since the
atter preferably contains discrete Zr4 tetramer units, formation
f two- and three-dimensional sulfates on deposited sulfate ions
as not likely as was the case with bulk ZrO2 [40]. While pure
illared clay containing nanosized zirconia shows no activity
n the transformation of limonene diepoxides 1a,b, sulfated pil-
ared clay is active in the reaction and gives product distribution
ther than that in montmorillonite clays. On sample 10, com-
ounds 6, 7 and 9 formed in approximately equal proportion,
hile on montmorillonite clay compound 7 was the dominant
roduct [6]. Moreover, transformation of limonene diepoxides
a,b on sulfated pillared clay proceeds with formation of new
ompounds 10–13. Formation of these compounds may be the
esult of specific activation of limonene diepoxides 1a,b on this
ype of sulfated nanomaterial.

Using alumina instead of zirconia as support for sulfate
ons (sample 9) led to substantial changes in the product ratio
Table 2). Compounds formed by route A were the major prod-
cts. At the same time, on pure alumina no transformations of
imonene diepoxides 1a,b have been detected. The product ratio
n sample 9 was similar to that observed previously on the zeolite
atalyst [6]. Consequently, the properties of acid centers on the
urface of sulfated alumina are similar to the properties of these
enters in zeolites, while sulfated zirconia creates other types of
cid center. Compounds 10–13 were not detected in the reaction
ixture on sample 9 either. These differences may be caused by

ifferences in the structure and properties of sulfates supported
o the surface of �-Al2O3 and ZrO2. While aluminum cations
referably have octahedral surroundings of oxygen atoms, zir-
onium cations each lies at the center of a cube with coordination
umber 7 or 8 depending on the structural modification.

Thus the reaction route of limonene diepoxides 1a,b on the
atalysts under study is largely determined by the chemical
ature of sulfated active centers.

.3. Acidity properties

As is known, Lewis and/or Brønsted acidity can easily be
etermined by using pyridine (Py) adsorption/desorption at RT
41]; IR spectra show well-resolved specific bands that may be
ttributed either to Lewis acid sites (19b mode of{Py-L} species,
1445 cm−1) or to Brønsted acid sites (19b mode of {Py-B}

pecies, ≈1540 cm−1). To find out if the differences in the cat-
lytic activity exhibited by different sulfated materials are due
o the acidic character of these compounds, we carried out Py
dsorption experiments under conditions of limonene diepoxide
ransformations (details of the method are given below). The
ifference DRIFT spectra of the samples obtained by subtract-

ng the spectra of {dried methylene chloride + sample} from the
pectra of {dried methylene chloride + Py + sample} are shown
n Fig. 1. One can clearly see the bands at 1440 and 1540 cm−1

scribed to Lewis and Brønsted acidity centers; the intensity of
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ig. 1. Difference DRIFT spectra of adsorbed pyridine at RT on the initial
upport of 60% T + 40% M-ZrO2 and sulfated catalysts (see note in Table 1).

hese bands depends on the chemical composition of the cata-
yst (Table 1). The intensities of other bands, attributed to the
verlap of H2O, PyH+, and Py-L absorption bands, are not dis-
ussed here. It may be assumed that the observed bands of the
Py-B} and {Py-L} species belong to the rather strong acidic
orms on the surface of the catalyst. For the initial support con-
aining 60% T + 40% M-ZrO2, only {Py-L} complexes were
bserved (Fig. 1), which appeared due to the presence of the
urface Zr4+ cations with an uncrowded coordination sphere. In
pite of the high degree of hydroxylation [39], {Py-B} com-
lexes with surface OH groups did not form on this type of
upport because of their neutral or basic nature. With small addi-
ions of sulfate ions, new Lewis centers can appear due to the
nteraction with Zr4+ cations having an uncrowded coordina-
ion sphere. Isolated sulfate ions may change the space near the
r4+ cations, producing complex active centers involving sur-

ace hydroxyls. When the addition of sulfate ions increases, the
mounts of the {Py-L} species reach a maximum at 0.9 wt.%
O4, while the {Py-B} complexes become visible in the DRIFT
pectra at 3 wt.% SO4, increasing at higher sulfate concentra-
ions. The dependence of the number of acidic centers referred
o the SSA on the amount of the supported sulfate ions is shown
n Fig. 2a. The observed dependences could be explained by
he following processes. When sulfate ion additions are small
0.9% SO4), the ions can form new types of Lewis center with
r4+ cations having an uncrowded coordination sphere. The
ontent of this type of defect on the surface of zirconia does
ot exceed a few percent of the monolayer cover. In this case,
ewis centers can appear due to adsorption on the Zr4+ cations
aving an uncrowded coordination sphere or in the vicinity of
hese cations, producing complex active centers. At this level of
upported sulfate ions, they occupy ≈1.5% of the surface area
f the support, the occupation area SSO4 ≈ 0.31 nm2 included
11]; the SSA of sample 3 practically remains unchanged com-
ared to the area of the initial support. The amount of 3 % SO4
ight increase the number of Lewis centers as the sulfate ions
ccupy only ≈3% of the total area. In reality, however, Lewis
enters decrease in number, and Brønsted centers appear. The
SA of sample 5 also decreases relative to that of the initial sup-
ort. At higher contents of sulfate ions, only Brønsted centers

P

t
B

ig. 2. Numbers of surface Lewis (1) and Brønsted (2) acidic centers per m2 (a)
nd selectivity of transformations of limonene diepoxides 1a,b, route A (1) and
oute B (2) (b) vs. the amounts of sulfate groups on the surface of ZrO2.

re detected, the SSA diminishing noticeably. Thus an “island”
odel of sulfate centers may be proposed based on these data.
fter addition of sulfate ions, Brønsted centers appear around
ewis type centers, probably forming along the microdomain
oundary and leading to sintering.

For Zr PL containing nanosized particles of ZrO2 smaller
han those of bulk zirconias studied here, sulfation leads to only
rønsted centers detected by Py adsorption (Fig. 1). As a matter
f fact, pure Zr PL is characterized by high density of Lewis
ype Zr4+ cations having an uncrowded coordination sphere and
etected by CO adsorption; it also has high density of surface
ydroxyls originating from Zr4 tetramers [38], while the acidic
ites of initial montmorillonite are suppressed by intercalation of
he tetramers. According to analysis of low-temperature adsorp-
ion of nitrogen [42], the interlayer space in pillared clay is filled
ith isolated Zr4 tetramers and sheetlike Zr8 species separated
y ∼0.7–1.0 nm and bound with montmorillonite layers. After
ulfation, isolated sulfate species that are Lewis and/or Brønsted
enters by nature could appear. Due to the high density of the
urface hydroxyls, Lewis centers are accessible for CO (but not

y) adsorption.

After adsorption of Py by sulfated alumina, only Lewis cen-
ers are detected (Fig. 1). It is well known that Py does not form
rønsted complexes with hydroxyls of alumina. After 3 wt.%



7 ular C

S
n
p
s
o
i

3

a
c
o
c
(
p
a
W
t
p
g
t
d
o

s
e
v
w
w
p
o
e
s
i

o
o
i
h
i
m
b
r
o
[

4

4

b
c
i
u
1

p
m
M
s
4
(
c
7
b
d
t
2
(
d

4

c
b
t
(
(
A
d
1
a
c
4
l
m
p
Z
w

(
[
T
a
s

A
i
fi
1

f

4

H
i

8 O.V. Salomatina et al. / Journal of Molec

O4 had been applied to alumina, the SSA of the catalyst did
ot change as was the case with sulfated zirconia (Table 1, sam-
le 9), which could be evidence of the formation of isolated
ulfated species. In fact, it is also well known that the number
f centers with an uncrowded coordination sphere on alumina
s higher than that on zirconia.

. Discussion

Thus the transformations of limonene diepoxides were gradu-
lly changed by varying the properties of sulfated zirconia-based
atalysts. It has been shown for the first time that the mechanism
f diepoxide transformations may be changed by varying the
oncentration and type of acid centers in nanosized SO4/ZrO2
Fig. 2). At a low level of 0.9–3% of sulfation, Lewis centers
referably formed, which are responsible for the initial cleav-
ge of the 8,9-epoxy group of limonene diepoxides (route B).
ith higher amounts of supported sulfate groups, Brønsted cen-

ers are the major species on the surface, giving a variety of
roducts of initial cleavage of both 8,9- (route B) and 1,2-epoxy
roups (route A). The type of support affects the structural fea-
ures of the sulfate ions responsible for activation of limonene
iepoxides by route A or B. Activation of limonene diepoxides
n Lewis centers formed on sulfated alumina follows route A.

The concentration and type of acid centers also affect the
tereochemical composition of the product mixture. In the pres-
nce of Lewis centers on zirconia, the compound that formed
ia cation III with an exo position of the hydroxymethyl group
as the major product. After Brønsted centers appeared along
ith Lewis centers (for amounts of up to 5 wt.% SO4), this com-
ound vanished from the reaction mixture; however, the content
f the compound formed via intermediate cation IV with an
ndo position of the hydromethyl group remained almost con-
tant. Evidently, the environment of the acid center along with
ts type favors a certain conformation of the reactant molecule.

It has been shown that catalyst activity in transformations
f limonene diepoxides depends on the structural modification
f sulfated zirconia (T, M or C). For sulfated catalysts, activ-
ty changes in the series T > M > C. Optimum disordering and
ydroxylation of the T phase surface provides the highest activ-
ty of the sulfated catalysts. The lower activity of the sulfated

onoclinic versus tetragonal zirconia is thought to be caused
y the low symmetry of the strained monoclinic modification as
evealed by IR and DR-UV spectra [39], but not by the presence
f the trigonal oxide ions in the structure of monoclinic zirconia
43].

. Experiment

.1. General

Substrate purity and product composition were analyzed
y GLC using a Biochrome-1 chromatograph with a quartz

apillary column 13,000 mm × 0.22 mm, SE-54 phase. Flame
onization detector, helium as carrier gas. The reaction prod-
cts were separated by SiO2 column chromatography (CzFSR,
00–160 �m). Specific rotation was measured on a Polamat A

X
N
l
m

atalysis A: Chemical 269 (2007) 72–80

olarimeter. The element composition of the products was deter-
ined from high-resolution mass spectra recorded on a Finnigan
AT 8200 instrument. 1H and 13C NMR spectra were mea-

ured on an AM-400 Bruker spectrometer (operating frequency
00.13 MHz for 1H and 100.61 MHz for 13C) for CDCl3 or
1:1) CCl4–CDCl3 solutions of the substances. The signal of
hloroform was used as an internal standard (δH 7.24 ppm, δC
6.90 ppm). The structure of the compounds was determined
y NMR from proton spin–spin coupling constants in 1H–1H
ouble resonance spectra, and by analyzing 13C NMR spec-
ra using proton selective and off-resonance saturation spectra,
D 13C–1H correlated spectroscopy on direct C–H constants
COSY, 1JC,H 135 Hz), and 1D 13C–1H long-range J modulation
ifference (LRJMD, JC,H 10 Hz).

.2. Sample preparation

Zirconias with a prevalent monoclinic or tetragonal modifi-
ation were prepared from a 0.5 M solution of ZrOCl2 × 8H2O
y precipitation with aqueous ammonia at pH 10 with fur-
her aging of the deposit. To prepare the dominant monoclinic
M) modification, the deposit was aged by ultraviolet radiation
high-pressure mercury lamp) for 12 h at room temperature.
fter the deposit was washed with distilled water and then
ried and calcined at 500 ◦C for 4 h, it contained 90% M and
0% T (SSA = 74 m2/g) (XRD data). After the deposit was
ged at 100 ◦C for 53 h, washed with water, dried, and cal-
ined at 500 ◦C for 4 h, the sample contained 60% T and
0% M (SSA = 150 m2/g) (XRD data). The partially stabi-
ized (5 mol% CaO and 95 mol% ZrO2) low-temperature cubic

odification was prepared by the procedure of [18] using
olymerized organometal precursors from calcium nitrate and
rOCl2 × 8H2O; the final calcination temperature of the sample
as 500 ◦C after 6 h (SSA = 72 m2/g).
For pillared clay containing 20 mass% ZrO2

SSA = 250 m2/g), details of synthesis are given in ref.
19]. Natural montmorillonite clay was employed for synthesis.
he particle size of zirconia (1.0–1.5 nm) was estimated [19] by
ssuming that two or three Zr4 tetramers entered the interlayer
pace of pillared clay.

Zirconium-containing samples and reactive �-
l2O3 (SSA = 185 m2/g) were sulfated by incipient wetness

mpregnation from a water solution of ammonium sulfate. The
nal calcination temperature of the samples was 500 ◦C after
h.

The specific surface area of BET (SSA, m2/g) was determined
rom Ar thermal desorption data.

.3. Sample characterization

X-ray phase analysis of the samples was carried out using an
ZG-4C diffractometer (Cu K� radiation, flat monochromator)

n the 2θ range 1–70◦. Zirconia phases were identified by using

-ray data files (PCDF): No. 37-1484 for the monoclinic phase,
o. 42-1164 for the tetragonal phase, and No. 27-0997 for the

ow-temperature pseudocubic phase. The concentration of the
onoclinic phase mixed with the tetragonal modification was
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etermined in the following way:

mon = Imon
1 1 1 + I−mon

1 1 1

Imon
1 1 1 + I−mon

1 1 1 + I tetr
1 1 1

The crystallite size was determined by the Scherrer equation
long the 1 1 1 line for the monoclinic modification, along the
0 1 line for the tetragonal form, and along the 2 2 0 line for

he cubic form: 10, 7.5, and 5.0 nm, respectively. Nanodisperse
irconia in pillared clay was X-ray amorphous.

Diffuse reflectance infrared Fourier transform spectroscopy
DRIFT) spectra of finely ground samples loaded in a small
ell (volume ≈ 0.2 ml) and placed in a chamber of DRS-8000
ere recorded at room temperature in air at 2 cm−1 resolution

n the range 400–4000 cm−1 on a Shumadzu-8300 spectrometer.
ried methylene chloride was added to the sample after stan-
ard treatment at 400 ◦C for 30 min; then the “wet” sample was
laced in a special cell of the spectrometer and the DRIFT spec-
rum was recorded. A solution of Py in dried methylene chloride
0.12 mol/l), which ensures excess of Py over surface centers,
as added to the “fresh” portion of the sample, and a DRIFT

pectrum was recorded for the “wet” sample in the cell after 5 and
0 min of adsorption. The difference spectra, obtained by sub-
racting the spectra of dried methylene chloride + sample from
he spectra of dried methylene chloride + Py + sample, were used
or analyzing the acid centers of the catalysts. It has been shown
hat the Py adsorption time does not influence the peak area of
he complexes. The total peak areas of the 1440 and 1540 cm−1

ands were used for estimating the relative amounts of Lewis and
rønsted acid centers, respectively, in arbitrary units (Table 1).

.4. Transformations of diepoxides 1a,b

Limonene diepoxides obtained from R-(+)-limonene
Aldrich, purity 97%, optical purity 98%) by the procedure of
44] were employed; isomer ratio 1a:1b = 3:2 ([α]20

580 + 35.5 (c
.5, CHCl3)) before the reaction the catalysts were calcinated
t 400 ◦C for 30 min. Dried methylene chloride (2 ml) was
dded to the solid catalyst (0.05 g). Limonene diepoxides 1a,b
0.022 g) were added with stirring to the resulting suspension.
he mixture was stirred for 5 h and then filtered through an
lumina layer (second degree of activity). Then a solution of
he internal standard (0.3 ml) was added to the reaction mixture.
he resulting reaction mixture was analyzed by GLC. A hexane
olution of dicyclopentadiene (10 mg of dicyclopentadiene
issolved in 10 ml of hexane) was used as an internal standard
or chromatography. The analytical data are given in Table 2.

Compounds 11–13 did not form on any of the previously
sed catalysts [4–6]; compounds 11 and 13 are not described
n the literature. For structure elucidation of compounds 11–13
e performed transformation of limonene diepoxides with larger

mounts of the initial product. Dried methylene chloride (20 ml)
as added to sample 7 (2.00 g). Limonene diepoxides (1.50 g)

ere added with stirring to the resulting suspension. After 5 h,

he reaction mixture was filtered off from the solid catalyst
hrough an alumina layer (second degree of activity, diethyl ether
s eluent). The mass of the reaction mixture was 1.40 g. A series
atalysis A: Chemical 269 (2007) 72–80 79

f chromatographic separations on a SiO2 column (hexane with
gradient of diethyl ether from 0 to 80% as eluent) gave a mix-

ure of compounds 12 and 13 (0.025 g, yield 2%), 6 (0.05 g,
%), 8a,b (0.03 g, 2%), 3 (0.07 g, 5%), 11 (0.01 g, 1%), and 10
0.21 g, 14%). A sequence of separations on silica gave com-
ound 11 and a mixture of compounds 12 and 13. The low total
ield of the products is explained by the difficulties of separating
tructurally related compounds.

(1R,5R)-4,8-Dimethyl-2-oxabicyclo[3.3.1]non-3-en-8-ol
11). [α]20

580 + 54.5 (c 1.1, CHCl3). MS, m/z: 168.12338
M+] C10H17O2. 1H NMR, δ: 1.24 (s, C11H3), 1.37 (d.d.d.d,

7e, J7e,7a 13 Hz, J7e,6a 4 Hz, J7e,6e 2 Hz, J7e,1 1.5 Hz), 1.48
d.d.d.d.d, H6e, J6e,6a 13 Hz, J6e,7a 5 Hz, J6e,7e 2 Hz, J6e,5 2 Hz,
6e,9an 2 Hz), 1.51 (d, C10H3, J10,3 1.5 Hz), 1.58 (d.d.d, H7a, J
3 Hz, J7a,6a 13 Hz, J7a,6e 5 Hz), 1.59 (d.d.d.d, H9an, J9an,9syn

3 Hz, J9an,1 4 Hz, J9an,5 4 Hz, J9an,6e 2 Hz), 1.72 (d.d.d.d,
6a, J 13 Hz, J6a,7a 13 Hz, J6a,7e 4 Hz, J6a,5 3.5 Hz), 2.03 (m,
5), 2.14 (d.d.d, H9syn, J 13 Hz, J9syn,5 2.5 Hz, J9syn,1 1.5 Hz),
.72 (d.d.d.d, H1, J1,9an 4 Hz, J1,5 1.5 Hz, J1,7e 1.5 Hz, J1,9syn

.5 Hz) 6.15 (q, H3, J3,10 1.5 Hz). 13C NMR, δ: 75.76 (d, C1),
37.40 (d, C3), 109.53 (s, C4), 30.01 (d, C5), 24.93 (t, C6),
1.89 (t, C7), 72.53 (s, C8), 25.38 (t, C9), 16.94 (q, C10), 28.34
q, C11).

Compounds 12 and 13 were not isolated as individual
ompounds. NMR spectra were recorded for the ∼1:0.2
ixture of compounds 12 and 13: (1R,5R)-4,8-dimethyl-2-

xabicyclo[3.3.1]non-3,7-dien (12). 1H NMR, δ: 1.54 (d, C10H3,
10,3 1.5), 1.61 (d.d.d, H9syn, J9syn,9an 12.5, J9syn,1 2.5, J9syn,5 2),
.75 (d.d.d, C11H3, J11,6′ 2.5, J11,6 1.5, J11,7 1.5), 1.85 (d.d.d.d,
9an, J 12.5, J9an,5 4, J9an,1 3, J9an,6 1.5), 2.07 (d.d.d.d.d, H6,

6,6′ 17, J6,7 5, J6,11 1.5, J6,5 1.5, J6,9an 1.5), 2.11 (m, H5), 2.18
d.m, H6′

, J 17), 4.26 (br.d.d, H1, J1,9ah 3, J1,9syn 2.5), 5.55
d.d.q, H7, J7,6 5, J7,6′ 2, J7,11 1.5), 6.06 (q, H3, J3,10 1.5).
3C NMR, δ, м.д: 70.05 (d, C1), 135.22 (d, C3), 109.95 (s,
4), 28.77 (d, C5), 31.26 (t, C6), 123.96 (d, C7), 131.76 (s,
8), 28.06 (t, C9), 17.21 (q, C10), 21.44 (q, C11). (1R,5R)-4-
ethyl-8-methylen-2-oxabicyclo[3.3.1]non-3-en (13). The 1H
MR spectrum contained the following signals (δ): 1.55 (d,
10H3, J10,3 1.5), 1.69 (d.d.d, H9syn, J9syn,9an 12.5, J9syn,5 2.5,

9syn,1 2), 1.94 (d.d.d.d, H9an, J 12.5, J9an,1 4, J9an,6 3.5, J9an,5
.5), 2.36 (d.d.d.d.d, H7a, J7a,7e 14.5, J7a,6a 13, J7a,6e 6, J7a,11
, J7a,11′ 2), 4.48 (m, H1), 4.71 (d.d, H11, J11,7a 2, J 2), 4.77
d.d, H11′

, J11′,7a 2, J 2), 6.32 (q, H3, J3,10 1.5). The centers of
he following proton multiplets were determined from the 2D
3C–1H correlated spectrum on direct constants: 2.13 (m, H5),
.54 m and 1.78 m (2H6), 2.16 (m, H7e). 13C NMR, δ: 74.74
d, C1), 138.36 (d, C3), 109.41 (s, C4), 30.44 (d, C5), 30.00 (t,
6), 27.69 (t, C7), 149.23 (s, C8), 31.23 (t, C9), 16.95 (q, C10),
11.33 (t, C11).
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