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a b s t r a c t

Nano-crystalline sulfated zirconia solid acid catalyst, synthesized by a one-step sol–gel method, was
studied for the rearrangement of longifolene to isolongifolene and 7-isopropyl-1,1-dimethyltetralin under
solvent free conditions. Kinetic and 1H NMR spectroscopic studies confirmed the formation of 7-isopropyl-
1,1-dimethyltetralin through further rearrangement of isolongifolene in the presence of a higher number
of acidic sites. The selectivity for the rearranged products namely isolongifolene and 7-isopropyl-1,1-
eywords:
ano-crystalline sulfated zirconia
ongifolene rearrangement
ongifolene isomerization
solongifolene
-Isopropyl-1,1-dimethyltetralin

dimethyltetralin was observed to be strongly influenced by the acidity of the catalysts in terms of Brönsted
(B) and Lewis (L) acid sites ratio. The catalyst having a higher B/L ratio (5.6) showed higher selectivity (56%)
for 7-isopropyl-1,1-dimethyltetralin. The selectivity for the products could also be controlled by longifo-
lene to catalyst weight ratio; for example, ∼100% isolongifolene could be obtained using less amount of
the catalyst, whereas for 7-isopropyl-1,1-dimethyltetralin higher amount of catalyst was required. Ther-
mally regenerated catalyst showed decreased selectivity for 7-isopropyl-1,1-dimethyltetralin due to a

which
decrease in the B/L ratio,

. Introduction

The sulfated zirconia is a potential catalyst for the isomeriza-
ion of n-alkanes at ambient temperature and has been extensively
tudied for the isomerization of n-butane [1–4], higher n-alkanes
5], cycloalkanes [6] and alkenes [7]. It has also been used for other
arious acid catalyzed reactions such as alkylation, acylation, ester-
fication, etherification, nitration, oligomerization. [8,9]. However,
here are few studies reported for the synthesis of fine chemicals
y the isomerization of terpenes using sulfated zirconia catalyst
10–12].

Longifolene, C15H24 (decahydro-4,8,8-trimethyl-9-methylene-
-4-methanoazulene), a tricyclic sesqui-terpene hydrocarbon, is
commercially important chemical and is used in perfumery
ndustry owing to its woody odor [13]. It occurs in Indian tur-
entine oil (5–10%), which is produced commercially from the
imalayan pine, Pinus Longifolia. Longifolene may undergo different
cid catalyzed rearrangements depending on the reaction condi-
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in turns influenced by loss of sulfur during the reaction.
© 2008 Elsevier B.V. All rights reserved.

tions, reagents and particularly on the acidity of the catalyst. In the
presence of strong protic acids such as H2SO4 or Lewis acids such as
BF3–Et2O, longifolene (I) isomerizes selectively to isolongifolene (II)
(Scheme 1) [14–16], which is also used in perfumery industries due
to its woody amber odor [17]. However, under severe reaction con-
ditions, for example, by refluxing (5 h) the isolongifolene with silica
gel–H3PO4/Amberlyst-15 or continued reaction of longifolene with
BF3–Et2O (14 h at room temperature), formation of tetralin (III) and
octalin (IV) aromatic hydrocarbons was observed (Scheme 1) [18].
Therefore, the severe reaction conditions seem to result in further
rearrangement of isolongifolene to tetralin derivatives.

Tetralin, i.e., tetrahydronaphthalene, itself is used as a
high-boiling solvent, whereas tetralin derivatives have varied appli-
cations. For example, substituted tetralin derivatives, known as
Tonalide®, Fixolide® and Versalide® that belong to the group of
polycyclic musk fragrances, are used in cosmetics and laundry
detergents and are of industrial importance. Tetralin derivatives
have important pharmaceutical applications such as Ghrelin (an
acylated peptide for stimulating the release of growth hormone)
receptor modulators, anti-arrhythmic agents in cardiovascular
problems, anti-glaucoma agents and local anesthetic agents. Resin
mixtures having 1-oxa-3-aza tetralin group are used as fire retar-

dant curable.

In our previous study [19] on the isomerization of longifolene
using nano-crystalline sulfated zirconia catalyst, we found >90%
conversion and ∼100% selectivity for isolongifolene under solvent
free conditions at 180 ◦C in 15 min. We did not observe the for-

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:btyagi@csmcri.org
mailto:rakshvir.jasra@ril.com
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Scheme 1. Rearrangement of Longifolene using homogenous and acidic silica gel
catalysts.
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cheme 2. Rearrangement of Longifolene using nano-crystalline sulfated zirconia
atalyst.

ation of any other rearranged product or aromatic hydrocarbons
ven when the reaction was carried out for longer time (6 h). In
he present work, we report the catalytic activity of the nano-
rystalline sulfated zirconia catalyst, synthesized by a one-step
ol–gel method, for rearrangement of longifolene to 7-isopropyl-
,1-dimethyltetralin under solvent free conditions (Scheme 2).
ased on kinetic and 1H NMR spectroscopic studies the reaction
athways for the formation of 7-isopropyl-1,1-dimethyltetralin
rom longifolene via isolongifolene are discussed. The novelty of
he present study lies in the observation that the sulfated zirconia
atalyst is useful for obtaining different rearranged products under
imilar reaction conditions only by varying the amount of the cata-
yst showing thereby that the product selectivity can be controlled
y the catalyst concentration. To the best of our knowledge, it is
he first report of the synthesis of 7-isopropyl-1,1-dimethyltetralin
y the rearrangement of longifolene using solid acid catalyst.

. Experimental

.1. Materials

Zirconium propoxide (70 wt% solution in 1-propanol) was pro-
ured from Sigma–Aldrich, USA and was used after dilution with
-propanol (30 wt%); 1-propanol, aqueous ammonia (25%) and
oncentrated sulfuric acid were from s.d. Fine chemicals, India.
ongifolene was procured from Dhruv Aroma Chemicals, Vadodara,
ndia and was used after distillation (∼79%).

.2. Catalyst synthesis

The sulfated zirconia catalyst was synthesized using a one-step
ol–gel technique [20]. In a typical experiment, concentrated sulfu-

ic acid was added to zirconium propoxide precursor and distilled
ater was added dropwise under continuous stirring, just sufficient

o form a gel. The resulting gel was dried at 110 ◦C for 12 h and cal-
ined at different temperatures of 600, 700 and 800 ◦C for 2 h in
tatic air. The catalysts thus prepared were designated as SZ-600,
Z-700 and SZ-800, respectively.
ysis A: Chemical 301 (2009) 67–78

2.3. Catalyst characterization

2.3.1. Powder X-ray diffraction (PXRD)
The nature of crystalline phase formed and the crystallinity of

sulfated zirconia samples after calcination at different tempera-
tures were determined by a X-ray powder diffractometer (Philips
X’pert) by using Cu K� radiation (� = 1.5405 Å). The samples were
scanned in the 2� range of 0–80◦ at a scanning rate of 0.04◦ s−1. The
crystallite size of the tetragonal phase was determined from the
characteristic peak (2� = 30.18 for the (1 1 1) reflection) by using
Scherrer formula [21] with a shape factor (K) of 0.9 as shown
below:

crystallite size = K�

W cos �

where W = Wb − Ws; Wb is the broadened profile width of exper-
imental sample and Ws is the standard profile width of reference
silicon sample.

2.3.2. FT-IR spectroscopy
The nature of bonding of sulfate ions with zirconia surface after

calcination at different temperatures was studied by a FT-IR spec-
trophotometer (Perkin-Elmer GX, USA). The spectra were recorded
in the range of 400–4000 cm−1 with a resolution of 4 cm−1 as KBr
pellets.

2.3.3. Sulfur analysis
The bulk sulfur (wt%) retained in sulfated zirconia samples after

calcination at different temperatures was analyzed by a CHNS/O
elemental analyzer (Perkin-Elmer, 2400, Sr.II, USA). The bulk sul-
fur was also measured by inductively coupled plasma-OES (Perkin
Elmer Instrument, Optima 200 DV) by using two methods: (i) by
dissolving the sample (100 mg) in 40% HF solution (15–20 drops)
followed by addition of 5% boric acid solution and make up to 100 ml
for analysis (ii) by stirring the sample (100 mg) in 0.1N NaOH solu-
tion (100 ml) for 5 min [22] followed by filtration and acidification
of filtrate using concentrated HCl (2 ml) for analysis.

2.3.4. Surface area, pore volume and pore size distribution
Specific surface area, pore volume and pore size distribution

of sulfated zirconia samples after calcination at different tempera-
tures were determined from N2 adsorption–desorption isotherms
measured at 77 K (ASAP 2010, Micromeritics, USA). Surface area
was calculated by using the BET equation; pore volume and pore
size distribution were calculated by the BJH method [23]. Prior
to adsorption measurement, the samples were activated by in situ
heating at 120 ◦C under vacuum (1 × 10−3 mmHg) for 4 h to evacu-
ate the physisorbed moisture.

2.4. Surface acidity measurement

2.4.1. Temperature programmed desorption (TPD) of NH3
The total surface acidity of sulfated zirconia samples, calcined

at different temperatures, was measured by a Micromeritics Pulse
Chemisorb 2720 instrument by using temperature programmed
desorption of NH3. The sample (0.1 g) taken in a reactor and was
in situ activated at 400 ◦C for 1 h in helium gas (He) flow. After
bringing down the reactor temperature to 120 ◦C, a mixture of 5%

NH3 with He was passed for 10 min to allow the chemisorption of
ammonia. The excess physisorbed ammonia was flushed out with
pure He gas flow at 120 ◦C for 1 h. The sample was then heated at a
rate of 10 ◦C min−1 up to 700 ◦C and volume of desorbed NH3 was
measured.
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samples at different calcination temperatures exhibited the char-
acteristic peaks of the tetragonal phase at 2� of 30◦, 35◦, 50◦ and
60◦ indicating the presence of only the tetragonal phase. No phase
transformation was observed even after calcination at higher tem-
perature of 800 ◦C. The crystallinity and the crystallite size of the
B. Tyagi et al. / Journal of Molecular

.4.2. Brönsted acidity by cyclohexanol dehydration
The Brönsted acidity of the samples was determined by a vapor

hase cyclohexanol dehydration reaction in a fixed bed reactor. The
ample (0.5 g) was packed in a glass reactor bed and in situ activated
t 450 ◦C for 2 h under air flow (15 ml min−1). The cyclohexanol
5 ml) was delivered by a syringe pump injector (Cole Parmer, 74900
eries) at a flow rate of 0.042 ml min−1 under N2 flow (15 ml min−1)
fter bringing down the catalyst bed temperature to 175 ◦C. The
roduct samples were collected after 1 h and analyzed with a gas
hromatograph (HP 6890, having HP50 capillary column (30 m), FID
etector, programmed oven temperature from 50 to 200 ◦C under
2 flow (0.5 ml min−1). The conversion of cyclohexanol was cal-
ulated on the basis of its weight percent; the initial theoretical
eight percent of cyclohexanol was divided by initial GC peak area
ercent to get a response factor. Final unreacted weight percent of
yclohexanol remaining in the reaction mixture was calculated by
ultiplying the response factor with the GC peak area percent for

yclohexanol obtained after the reaction. The conversion of cyclo-
exanol and selectivity were calculated as follows:

onversion of cyclohexanol (wt%)

= 100 ×
[

initial wt% − final wt%
initial wt%

]

electivity for cyclohexene (wt%)

= 100 × [GC peak area % of cyclohexene]

/ � GC peak area % of all the products.

.4.3. Diffuse reflectance FT-IR (DRIFT) spectroscopy of pyridine
dsorption

The Brönsted and Lewis acidity of the samples was ascertained
y DRIFT spectroscopy after pyridine adsorption. The sample (0.2 g,
re-activated at 450 ◦C, 2 h) was exposed to dry pyridine vapors
25 ml) in a desiccator for 1 h under vacuum. Subsequently, the
ample was evacuated at room temperature for 30 min to desorb
hysisorbed pyridine. DRIFT spectra were recorded on a FT-IR spec-
rophotometer (Perkin Elmer Spectrum GX) equipped with ‘The
elector’ DRIFT accessory (Graseby Specac, P/N 19900 series), ini-
ially at room temperature under dry N2 flow (30 cm3 min−1) and
hen after heating to 150 ◦C. The sample was held at 150 ◦C for
5 min, thus allowing sufficient time for the desorption of pyri-
ine before recording the spectra. Typically 30 scans were co-added
or recording the spectra at a resolution of 4 cm−1 with a stan-
ard mid-IR DTGS detector and a germanium coated KBr beam
plitter.

.5. Theoretical calculations

The free energy and entropy for the stable structures of longi-
olene, isolongifolene and 7-isopropyl-1,1-dimethyltetralin at 25 ◦C
ere calculated by Materials Studio (Version 4.1, Accelrys Inc., San
iego, USA) by using DFT program DMol3.

.6. Catalytic activity: rearrangement of longifolene

The catalytic rearrangement of longifolene was carried out in a
iquid phase batch reactor. Typically, longifolene and the catalyst
pre-activated at 450 ◦C for 2 h, with longifolene to catalyst weight

atio of 10) were heated to optimized temperature of 180 ◦C [19]
or 1 h under stirring in a 50 ml reaction tube of a reaction sta-
ion (12 Place Heated Carousel Reaction Station, RR99030, Radleys
iscovery Technologies, UK). Following this, the reaction mixture
as filtered to separate the catalyst and was analyzed with a gas
ysis A: Chemical 301 (2009) 67–78 69

chromatograph (HP 6890 having specifications as described in Sec-
tion 2.4.2). The conversion of longifolene and the selectivity for the
rearranged products namely isolongifolene (II) and 7-isopropyl-1,1-
dimethyltetralin (III) were calculated as follows:

conversion of longifolene (wt%)=100 ×
[

initial wt%−final wt%
initial wt%

]

selectivity for (II) or (III)

= 100 × [GC peak area % of (II) or (III)]

/ � GC peak area % of all the products

The product 7-isopropyl-1,1-dimethyltetralin was separated by
column chromatography using silica gel (100–200 mesh) and
petroleum ether and was identified by 1H NMR spectroscopy
(Bruker, Avance DPX 200 MHz) and GC–MS (Shimadzu GC MS-
QP 2010), having a Petrocol capillary column (50 m × 0.2 mm), a
programmed oven temperature from 40 to 250 ◦C, under He flow
(1.2 cm3 min−1) and ion source temperature at 273 ◦C). The other
rearranged products were identified by GC–MS analysis of the reac-
tion mixture.

2.7. Catalyst regeneration

The regeneration study of the spent catalyst was done after
recovering the catalyst from the reaction mixture by filtration and
washing with acetone followed by activation at 550 ◦C for 4 and
10 h in air flow. The regenerated catalyst was studied for further
reaction cycles under similar reaction conditions. After every reac-
tion cycle, the spent catalyst was recovered and regenerated as
described above.

3. Results and discussion

3.1. Catalyst characterization

The powder X-ray diffractograms (Fig. 1) of sulfated zirconia
Fig. 1. Powder XRD patterns of sulfated zirconia samples (i) SZ-600, (ii) SZ-700 and
(iii) SZ-800.
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Table 1
Characterization of sulfated zirconia catalysts.

Catalyst Crystallite size (nm) Surface area (m2/g) Pore volume (cm3/g) Pore diameter (Å) Sulfura (wt%) Sulfurb (wt%) Sulfurc (wt%) S/surface area (% S m−2)

SZ-600 9 150 0.33 89 3.9 2.9 2.6 0.026
SZ-700 11 96 0.28 120 1.1 1.2 1.1 0.011
SZ-800 14 58 0.25 170 0.6 0.7 0.6 0.010
SZ-regd 9.8 126 0.21 68 1.6 – – 0.013
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Measured by a CHNS/O analyser.
b Measured by ICP analysis using HF method.
c Measured by ICP analysis using NaOH method.
d Regenerated.

amples increased with increasing calcination temperatures from
00 to 800 ◦C (Table 1). The SZ-600 sample showed less crystallinity,
hich is attributed to its higher sulfur content (3.9 wt%).

The FT-IR-spectrum (Fig. 2a) of the SZ-600 sample showed the
haracteristic peaks of inorganic chelating bidentate sulfate at 1238,
143, 1078, 1041 and 997 cm−1, which are attributed to asymmet-
ic and symmetric stretching frequencies of partially ionized S O
ond and S–O bond [24]. The ionic structure of SO4

2− corresponds
o Brönsted acid sites in the sample [24–25]. The SZ-700 and SZ-
00 samples showed the decrease in the intensities of these peaks
Fig. 2b and c). In addition, a small peak at 1401 cm−1, which is
ttributed to the covalent S O bond [24,25] and corresponds to
ewis acid sites, was observed in the SZ-700 and SZ-800. The pres-
nce of this peak with increasing calcination temperatures from
00 to 800 ◦C showed the transformation of Brönsted acid sites to
ewis acid sites on heating. It also confirmed the reported fact that
ower sulfur results in Lewis acid character in sulfated zirconia cat-
lysts [26]. The SZ-800 (Fig. 2c) showed a significant reduction in
he peak intensities indicating the significant loss of sulfate species
t higher calcination temperature, which is further confirmed by
ulk sulfur analysis of the samples.

The bulk sulfur of the samples after calcination at 600 ◦C was
.9 wt% as measured by elemental analyzer. The sulfur measured
y ICP using HF and NaOH methods was found in the range of
.6–2.9 wt% (Table 1). The calcination at higher temperatures of
00 and 800 ◦C resulted in a significant decrease in the sulfur
ontent, which was found in a similar range by both elemental
nalyzer and ICP. The sulfur content measured by ICP using HF and

aOH methods was also found in a similar range at each calcination

emperature, which indicates that all the sulfate species may be
resent at or near the surface of the samples. This observation is

n agreement with the reported fact that during crystallization all
ulk sulfur trapped in the pores of the gel network was expelled

ig. 2. FT-IR spectra of sulfated zirconia samples (a) SZ-600, (b) SZ-700 and (c) SZ-
00.
onto the surface and acted as active surface species [27]. Further-
more, the sulfur per unit surface area was found to be higher in
the SZ-600 (0.026), whereas in the SZ-700 and SZ-800 it was in
a similar range (0.010–0.011) (Table 1). It showed the presence of
significant amount of sulfate species densely distributed on the
surface of the SZ-600. The calcination at higher temperatures of 700
and 800 ◦C resulted in the successive loss of surface sulfate groups;
however, uniform concentration of the sulfur content per unit area
occurred at both 700 and 800 ◦C due to the successive decrease in
the specific surface area with increasing calcination temperatures.

N2 adsorption–desorption isotherms (Fig. 3) of the samples
showed type IV isotherm, with H3 desorption hysteresis loop.
The large increase in the adsorption at higher relative pressure
(p/p0 > 0.6) showed the presence of large mesopores. The H3 des-
orption hysteresis loop indicates the presence of slit shaped pores
[23]. The specific surface area and pore volume of the samples
decreased from 150 to 58 and 0.33 to 0.25 cm3/g, respectively due
to sintering of the pores with increasing calcination temperatures
from 600 to 800 ◦C, whereas the pore size increased from 89 to
170 Å because of collapsing of the pore walls (Table 1). The succes-
sive decrease in the specific surface area was found in the range of
36–39%.

3.2. Surface acidity

3.2.1. NH3 TPD
Table 2 shows the volume of NH3 desorbed at different temper-

atures indicating the total acid sites concentration in the samples.
The SZ-600 was found to have 0.339 mmol/g total number of acid

sites, whereas the SZ-700 and SZ-800 have 0.446 and 0.436 mmol/g,
respectively. On the other hand, acid sites per unit surface area
was found to be in increasing order from 0.0023 to 0.0075 with
increasing calcination temperatures from 600 to 800 ◦C. These
results were really interesting since the total acidity of sulfated

Fig. 3. N2 adsorption–desorption isotherm of sulfated zirconia samples calcined at
different temperatures.
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Table 2
Acid sites concentration, cyclohexanol conversion and B/L ratio of sulfated zirconia catalysts.

Catalyst Temp (◦C) Acid sites
(mmol NH3/g)

Total acid sites
(mmol NH3/g)

Total acid
sites/SA
(mmol/m2)

Cyclohexanol
conversion
(wt%)

py-B band area
(A cm−1)

py-L band
area (A cm−1)

B/L ratio

SZ-600 239.7 0.199 0.339 0.0023 85 6.35 1.13 5.62
344.4 0.140

SZ-700 317.8 0.223 0.446 0.0046 100 11.66 2.12 4.97
583.3 0.223

SZ-800 315.0 0.219 0.436 0.0075 17 0.437 0.806 0.542
585.0 0.217
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ZO2a 298.6 0.153 0.305 0.0025
601.8 0.152

a Catalyst previously reported [19].

irconia was expected to decrease with increasing calcination
emperatures (>600 ◦C) due to the significant loss of the sulfate
roups.

Furthermore, NH3 desorption occurred at relatively lower tem-
erature in the SZ-600, indicating the presence of acid sites having
eak (∼240 ◦C) and moderate (∼344 ◦C) strengths, whereas the

Z-700 and SZ-800 showed the presence of weak to moderate
315–317 ◦C) and stronger (583–585 ◦C) acid sites. The presence of
trong acid sites in the SZ-700 and SZ-800, which were completely
bsent in the SZ-600 clearly showed the formation of these sites
fter calcination at higher temperatures. This may be explained in
erms of the weakly bonded sulfate groups with surface hydroxyl
roups in the SZ-600 since there were dense and large popula-
ion of sulfate groups (as shown by XRD and sulfur analysis) on

he surface of the SZ-600. Heating at higher temperatures resulted
n the loss of densely populated sulfate groups and a strong bonding
f surface sulfate groups with hydroxyl groups occurs providing a
trong electron-withdrawing effect of the sulfate groups and thus
nhanced the acid strengths of the SZ-700 and SZ-800.

ig. 4. FT-IR spectra of pyridine adsorbed sulfated zirconia samples (a) SZ-600, (b) SZ-700
ii) at 450 ◦C.
80 5.87 1.61 3.64

As NH3 TPD results show the number and strength of total acid
sites including both Brönsted and Lewis acid sites, it seems from
the above results that there may be a concurrent increase in strong
Lewis acid sites at higher calcination temperatures along with a
decrease in Brönsted acid sites thus resulting in an overall increase
in the amount and strength of acidity. This has been further verified
by the measurement of Brönsted acidity from cyclohexanol dehy-
dration reaction and pyridine adsorption to differentiate between
Brönsted and Lewis acid sites.

3.2.2. Cyclohexanol dehydration
All three catalysts were found to be active for dehydration of

cyclohexanol showing 100% selectivity for cyclohexene, however,
with varied conversion values. The SZ-600 sample showed 85%

conversion of cyclohexanol indicating the presence of a significant
amount of Brönsted acidity, whereas the SZ-700 sample resulted
in 100% conversion and the SZ-800 showed the minimum conver-
sion of only 17% (Table 2). It clearly indicated the enhancement of
Brönsted acidity with increasing calcination temperature from 600

and (c) SZ-800 (d) regenerated SZ-600; after pyridine desorption (i) at 150 ◦C and
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ferent temperatures have variation in the structural and textural
properties in terms of the crystallinity, crystallite size, sulfur con-
tent, surface area, pore volume and pore diameter as observed from
Table 1 and Fig. 1. The textural properties may not have a significant
effect on the catalytic selectivity since the molecular dimensions of

Table 3
Conversion (wt%) of longifolene and selectivity for rearranged products using sul-
fated zirconia.

Catalyst Conversion
(wt%)

Selectivity (%)

Isolongifolene 7-Isopropyl-1,1-
dimethyltetralin

Othersa

SZ-600 96 3 56 41
SZ-700 95 37 25 38
SZ-800 94 ∼100 – –
SZO2b 92 ∼100 – –
2 B. Tyagi et al. / Journal of Molecular

o 700 ◦C; however, further increasing the temperature to 800 ◦C
esulted in a drastic decrease in the Brönsted acidity. The activity
f the SZ-700 was interesting as it was in contrast to the expected
ecrease in Brönsted acidity with a concurrent increase in Lewis
cidity at higher calcination temperature. It showed that certain
egree of dehydroxylation occurring at higher temperature resulted

n the enhancement of Brönsted acidity in terms of the strongly
onded sulfate groups with surface hydroxyl groups. Shimizu et al.
28] have also found lower Brönsted acidity and thus less activity of
ulfated zirconia calcined at 450 ◦C for n-butane isomerization as
ompared to the sample calcined at 500 ◦C due to large population
f hydroxyl groups in the sample calcined at 450 ◦C, which resulted
n hydrogen bonds between them and allowed only little interac-
ion with neighboring sulfate groups. It may be noted here that the
tructural properties of the catalyst such as the amount of sulfate,
ydroxyl groups and acidity at a particular calcination temperature
ay vary because of the variation in synthetic conditions, which

trongly influence the properties of the catalyst.

.2.3. Pyridine adsorption
The FT-IR spectra of pyridine adsorbed catalysts at 150 ◦C (Fig. 4i)

xhibited the IR-bands at 1445, 1489, 1541, 1612 and 1636 cm−1. It
ndicated the presence of both Brönsted (py-B) and Lewis (py-L) acid
ites in all three catalysts as shown by the characteristic bands of
y-B and py-L acid sites at 1541 and 1445 cm−1, respectively along
ith a band at 1489 cm−1, which showed the presence of both py-B

nd py-L acid sites. Brönsted sites are characterized by the presence
f pyridinium ions (NH+), which are formed by the interaction of
yridine with surface hydroxyl group, whereas co-ordination of the
itrogen lone pair with unsaturated surface cationic centers (Zr4+)
cts as a Lewis site. We calculated the area of characteristic bands
f 1541 and 1445 cm−1 to have an idea of the number of Brönsted
nd Lewis sites (Table 2). The SZ-700 sample showed the highest
nd the SZ-800 showed the lowest band area for both the bands. It
ndicated the highest density of acid sites in the SZ-700, which is in
greement with NH3 TPD and cyclohexanol conversion values; and
he lowest density in the SZ-800, which is in contrast with NH3 TPD
esults. However, the B/L ratio (Table 2) was highest for the SZ-600
5.62) followed by the SZ-700 (4.97); and the SZ-800 showed a very
ow B/L ratio (0.54).

Besides the above bands, the band corresponding to S O vibra-
ions at 1401 cm−1, present in the SZ-700 and SZ-800 shifted to

lower frequency at 1392–1399 cm−1 after pyridine adsorption
Fig. 4i) as also observed by Song and Kydd [29]. Furthermore, a
trong band at 1692–1697 cm−1 was observed in the SZ-700 and
Z-800 samples, which was absent in the SZ-600. The intensity
f this band remained even after pyridine desorption at higher
emperature of 450 ◦C, when the intensities of other bands were
ignificantly reduced, indicating very high strength of these acid
ites (Fig. 4ii). This band (1692–1697 cm−1) may be attributed to
different Lewis acid site resulting from a strongly co-ordinated

inner’ pyridine Lewis complex, which transforms into an adsorbed
-pyridone species as reported for transition alumina [30,31]. In

ransition aluminas, the strongly co-ordinated ‘inner’ py-L species
at 1634 cm−1), observed at higher dehydration stages and forming
-pyridone species (Scheme 3), were identified as ‘X-sites’ and were

ound to be responsible for high catalytic activity of highly dehy-
rated aluminas. However, this band is not reported for sulfated
irconia to the best of our knowledge.

In view of the above results obtained from surface acidity mea-
urements done by NH3 TPD, cyclohexanol dehydration reaction

nd pyridine adsorption, it has now become clear that all three
atalysts have both Brönsted and Lewis acid sites, however, the
Z-700 and SZ-800 have different types of strong Lewis acid sites
n addition to normal Brönsted and Lewis acid sites, which may
e formed due to a higher degree of dehydroxylation occurring at
Scheme 3. Formation of adsorbed �-pyridone from strongly co-ordinated pyridine
Lewis complex (where, M = Al or Zr and � shows a co-ordinative vacancy or anion
vacancy).

higher calcination temperatures. Therefore, these samples reflected
higher amounts of total acidity as compared to the SZ-600. Though
the SZ-800 has very low Brönsted acidity as shown by low con-
version value of cyclohexanol dehydration (17%), its total amount
and strength of acidity is found in a similar range to the SZ-700
due to the presence of these strong Lewis acid sites. The increasing
amount of acid site concentration per unit surface area indicated the
formation of higher numbers of these strong Lewis acid sites with
increasing calcination temperatures from 600 to 800 ◦C, which were
even compensating the decreasing surface area with increasing
calcination temperatures. Furthermore, a certain degree of dehy-
droxylation occurring at higher temperature (700 ◦C) resulted in
the enhancement of Brönsted acidity in the SZ-700 as shown by
highest cyclohexanol conversion (100%).

3.3. Catalytic rearrangement of longifolene to isolongifolene and
7-isopropyl-1,1-dimethyltetralin

Table 3 shows the conversion of longifolene to isolongifolene
and 7-isopropyl-1,1-dimethyltetralin along with other rearranged
products using sulfated zirconia catalysts. All three catalysts
showed the conversion of longifolene in a similar range (94–96%)
at 180 ◦C after 1 h. However, the selectivity of the products was
found to vary with the catalysts. The catalyst SZ-600 showed 7-
isopropyl-1,1-dimethyltetralin (56%) as a major product along with
other rearranged products (41%) and a small amount of isolongifo-
lene (3%). The catalyst SZ-700 showed the decrease in the selectivity
for 7-isopropyl-1,1-dimethyltetralin and other products to 25% and
38%, respectively, whereas the selectivity for isolongifolene was
increased to 37%, which was further increased to 100% for the cat-
alyst SZ-800. No formation of 7-isopropyl-1,1-dimethyltetralin and
other products was observed with the catalyst SZ-800.

The sulfated zirconia catalysts prepared after calcination at dif-
Longifolene = 1.0 g, catalyst = 0.1 g, reaction temperature = 180 ◦C, time = 1 h.
a Tetramethyl hexahydro methano-naphthalene, 7-isopropylidene dimethyl

octahydro naphthalene and 7-isopropyl dimethyl octahydro naphthalene rear-
ranged products identified with GC–MS.

b Catalyst previously reported [19].
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Table 4
Conversion (wt%) of longifolene and selectivity for rearranged products using sul-
fated zirconia at different reaction time.

Time (min) Conversion (wt%) Selectivity (%)

7-Isopropyl-1,1-
dimethyltetralin

Isolongifolene Othersa

1 40 – ∼100 –
2 96 – ∼100 –

10 96 25 42 33
15 96 41 22 37
30 96 56 8 36
60 96 56 3 41

120 96 56 2 41
240 96 56 2 41

◦

B. Tyagi et al. / Journal of Molecular

he reactant and product molecules are smaller (∼7–10 Å) than the
arge pores (89–170 Å) of the catalysts and therefore the molecules

ould diffuse through the pores easily.
The sulfur content and thus the different acid sites present

n the catalysts seem to be responsible for the variation in the
atalytic selectivity for different rearranged products. The SZ-600
aving a lower number of total acid sites (0.339 mmol/g) showed
igher selectivity for 7-isopropyl-1,1-dimethyltetralin as compared
o the SZ-700 and SZ-800, which have higher numbers of acid
ites (0.446 and 0.436 mmol/g, respectively). It showed that total
cid sites may not be necessarily catalytic active for a specific
eaction and the presence of strong Lewis acidity in the SZ-700
nd SZ-800 was not required for the formation of 7-isopropyl-
,1-dimethyltetralin. So, Brönsted acidity may be responsible for
he higher selectivity for 7-isopropyl-1,1-dimethyltetralin in the
Z-600. However, the SZ-700 having the highest Brönsted sites
Table 2), which was also confirmed by highest cyclohexanol
onversion (100%), showed the decrease in the selectivity for 7-
sopropyl-1,1-dimethyltetralin. Thus, Brönsted acidity alone was
lso not required for the above said selectivity. Then, we com-
ared the selectivity values with the B/L ratio of the samples and
he results were found in good agreement. The selectivity for 7-
sopropyl-1,1-dimethyltetralin decreased with a decrease in the B/L
atio. The SZ-600 having a higher B/L ratio (5.62) resulted in the
igher selectivity, which decreased with a decrease in the B/L ratio

4.97) in the SZ-700. The SZ-800 having a very low B/L ratio (0.54)
id not form 7-isopropyl-1,1-dimethyltetralin. It clearly showed
hat the B/L ratio is very important for the activity of the catalyst
ather than the each site. The importance of the optimum B/L ratio
as been reported in the literature [32–34]; however, it may vary

Fig. 5. 1H NMR spectrum of (a) reaction mixture, (b
Longifolene = 5 g, catalyst = 0.5 g, reaction temperature = 180 C.
a Tetramethyl hexahydro methano-naphthalene, 7-isopropylidene dimethyl

octahydro naphthalene and 7-isopropyl dimethyl octahydro naphthalene rear-
ranged products identified with GC–MS.

for the particular reaction as it strongly depends on the synthetic
procedure of the catalyst and activation temperature prior to the
reaction. For example, Nascimento et al. [32] found the maximum
catalytic activity of sulfated zirconia for n-butane isomerization
when the B/L ratio was about 1, whereas Li and Gonzalez [34] found
the optimum ratio of about 0.5 for a similar reaction.

The kinetic study carried out using the catalyst SZ-600 showed

that the rearrangement of longifolene to isolongifolene was very
fast (Table 4). The maximum conversion of longifolene (96%) with
∼100% selectivity for isolongifolene was obtained within 2 min
of the reaction time, after which the conversion of longifolene
remained steady till 4 h. However, the selectivity for isolongifolene

) after 2 min, (c) after 10 min and (d) after 1 h.
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ignificantly decreased and the selectivity for 7-isopropyl-1,1-
imethyltetralin successively increased to 56% along with other
roducts (41%) after 1 h and remained steady till 4 h. A small amount
f isolongifolene (2–3%) was found to remain unconverted.

The kinetic study clearly showed that longifolene initially
earranged to isolongifolene which then formed 7-isopropyl-
,1-dimethyltetralin along with other products. It was further
onfirmed by 1H NMR spectroscopy. The 1H NMR spectrum of the
eaction mixture (Fig. 5a) showed two singlets at 4.5 and 4.9 ppm
quivalent to two olefinic protons of longifolene. After 2 min of
he reaction, the 1H NMR spectrum (Fig. 5b) showed an additional
ignal at 5.2 ppm (triplet) equivalent to one olefinic proton, indi-
ating the presence of isolongifolene. The absence of the signals
n the aromatic region showed no formation of 7-isopropyl-1,1-
imethyltetralin. The 1H NMR spectrum of the reaction mixture
fter 10 min (Fig. 5c) showed two doublets at 7.1–7.2 ppm (equiv-
lent to two protons) and one singlet at 7.0 ppm (equivalent to
ne proton) for 7-isopropyl-1,1-dimethyltetralin along with one
riplet at 5.2 ppm for isolongifolene. It showed the presence of both
solongifolene and 7-isopropyl-1,1-dimethyltetralin in the reaction

ixture after 10 min. The 1H NMR spectrum of reaction mixture
fter 1 h (Fig. 5d) showed the presence of signals only in the aro-
atic region for 7-isopropyl-1,1-dimethyltetralin and the absence

f the triplet at 5.2 ppm for isolongifolene. It confirmed the forma-
ion of 7-isopropyl-1,1-dimethyltetralin by the rearrangement of
ongifolene via isolongifolene.

The effect of the substrate to catalyst weight ratio was studied
ith the catalyst SZ-600 by carrying out the reaction at different

ubstrate to catalyst weight ratios ranging from 10 to 100 at 180 ◦C
or 1 h. The substrate to catalyst weight ratio had a significant effect
n the selectivity for the products. The data (Table 5) showed that
he catalyst gave similar conversions of longifolene in the range of
4–96% with increasing substrate to catalyst weight ratios from 5 to
00, which showed the excellent catalytic activity of sulfated zirco-
ia for the acid catalyzed rearrangement of longifolene. However,
he selectivity for the products varied with the substrate to catalyst
atio. The product 7-isopropyl-1,1-dimethyltetralin (52–56%) along
ith other intermediates (46–41%) was formed only at lower sub-

trate to catalyst weight ratios of 5 and 10. At higher substrate to
atalyst weight ratios from 50 to 100, longifolene isomerized selec-
ivity (100%) to isolongifolene. The SZ-700 also showed increased
electivity for 7-isopropyl-1,1-dimethyltetralin from 25 to 29%
hen used at a lower substrate to catalyst weight ratio of 2 (Table 5)

s compared to a higher substrate to catalyst weight ratio of 10

Table 3).

The above results showed that a small number of acid sites
ere sufficient to catalyze longifolene to isolongifolene even at
higher substrate to catalyst ratio of 100. However, these acid

ites were insufficient for further rearrangement of isolongifolene

able 5
onversion (wt%) of longifolene and selectivity for rearranged products using sulfated zir

atalyst Substrate/catalyst ratio Conversion (wt%)

Z-600 5 96
Z-600 10 96
Z-600 50 95
Z-600 70 95
Z-600 100 94
Z-700 2 94
ZO2b 2 94
ZO2 5 94

eaction temperature = 180 ◦C, time = 1 h.
a Tetramethy hexahydro methano-naphthalene, 7-isopropylidene dimethyl octahydro n

dentified with GC–MS.
b Catalyst previously reported [19].
ysis A: Chemical 301 (2009) 67–78

to 7-isopropyl-1,1-dimethyltetralin. It could be explained in terms
of the lower availability of acid sites as compared to longifolene,
which may be covered with longifolene and therefore the prob-
ability of isolongifolene to interact with acid sites to be further
converted into 7-isopropyl-1,1-dimethyltetralin is less. However,
with increase in the amount of the catalyst, higher numbers of
acid sites were available and thus isolongifolene molecules could
contact the sites resulting in further rearrangement. It showed the
requirement of a higher number of acid sites for the formation of
7-isopropyl-1,1-dimethyltetralin and not necessarily the strength
of the catalyst. As shown by NH3 TPD data, the catalyst SZ-600
has weak (240 ◦C) to moderate (344 ◦C) Brönsted acid sites, and
therefore, we assume that a higher number of weak to moderate
Brönsted acid sites are required for the formation of 7-isopropyl-
1,1-dimethyltetralin. In our previous report [19] we have found that
isomerization of longifolene to isolongifolene is a Brönsted acid
catalyzed reaction. The present study shows that further rearrange-
ment of isolongifolene to 7-isopropyl-1,1-dimethyltetralin requires
a higher number of weak to moderate Brönsted acid sites along with
a optimum B/L ratio, which is found in the range of 3.6–5.6 under
the experimental conditions studied.

The sulfated zirconia catalyst (SZO2) previously reported to give
isolongifolene selectively at a substrate to catalyst weight ratio of 10
[19] was also studied at lower substrate to catalyst weight ratios of 2
and 5 and was found to form 7-isopropyl-1,1-dimethyltetralin (38%)
at a substrate to catalyst ratio of 2 (Table 5). This also confirmed
the requirement of a higher number of acidic sites for the forma-
tion of 7-isopropyl-1,1-dimethyltetralin. This sample was found to
have weak (∼298 ◦C) along with strong (∼601 ◦C) acid sites with a
total acid sites concentration of 0.305 mmol NH3/g (Table 2). The
B/L ratio of this catalyst after pyridine adsorption was found to be
3.64 (Table 2). It further confirmed the requirement of a certain B/L
ratio for the above said formation.

3.4. Catalyst regeneration

Thermally regenerated catalyst (SZ-600) showed a similar con-
version of longifolene (94%) till the third reaction cycles; however,
the selectivity for 7-isopropyl-1,1-dimethyltetralin significantly
decreased only after the first cycle, i.e., from 56 to 10% and the selec-
tivity for isolongifolene was increased to 46% while other products
were obtained in a similar amount (44%) (Table 6). In the next cycle,
the regenerated catalyst showed a further decrease in the selectiv-
ity for 7-isopropyl-1,1-dimethyltetralin (5%) and others (37%) and

an increase in the selectivity for isolongifolene to 58%, which was
found to be similar after the third cycle.

The decrease in the selectivity for 7-isopropyl-1,1-
dimethyltetralin with a regenerated catalyst may be due to
the deactivation of some of the Brönsted acid sites responsible

conia at different substrate to catalyst ratio.

Selectivity (%)

7-Isopropyl-1,1-dimethyltetralin Isolongifolene Othersa

52 2 46
56 3 41

– ∼100 –
– ∼100 –
– ∼100 –

29 6 65
38 9 63

∼100 - –

aphthalene and 7-isopropyl dimethyl octahydro naphthalene rearranged products
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Table 6
Conversion (%) of longifolene and selectivity for rearranged products using regener-
ated sulfated zirconia catalyst.

Reaction cycle Conversion (wt%) Selectivity (%)

Isolongifolene 7-Isopropyl-1,1-
dimethyltetralin

Othersa

Fresh catalyst 96 3 56 41
I 94 46 10 44
II 94 58 5 37
III 94 58 5 37

S ◦
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ubstrate/catalyst weight ratio = 10, reaction temperature = 180 C, time = 1 h.
a Tetramethy hexahydro methano-naphthalene, 7-isopropylidene dimethyl

ctahydro naphthalene and 7-isopropyl dimethyl octahydro naphthalene rear-
anged products identified with GC–MS.

or its formation which could not be regenerated completely by
imple thermal heating at 550 ◦C for 4 h or even for 10 h in air
ow. Thus less availability of higher numbers of Brönsted acid sites
ecreased the tetralin selectivity. However, the successive increase

n the selectivity for isolongifolene showed that a small number
f acid sites needed for the formation of isolongifolene could be
asily regenerated. The possible reasons for the deactivation of
hese sites may be (i) change in structural and textural properties
nd transformation of the active tetragonal phase into the inactive
onoclinic phase, (ii) coke deposition on the active sites, and (iii)

hange in surface acidity.
This was confirmed by the characterization of a regenerated cat-

lyst. The surface area, pore volume and pore diameter was found to
ecrease along with a carbon content 0.08 wt% higher as compared
o the fresh catalyst, which indicates the blockage of the pores by
he deposition of coke. The crystallinity of this catalyst was slightly
igher than the fresh one, however, having the tetragonal crys-
alline phase (crystallite size 9.8 nm). The bulk sulfur was found
o be lower (1.6 wt%) indicating the loss of sulfur during the reac-
ion. The FT-IR spectrum of the used catalyst showed the peaks
f adsorbed species of substrate and/or products (in the region
f ∼1400–1600 cm−1) on the surface of the catalyst (Fig. 6i). The
egenerated catalyst (550 ◦C, 4 h in air flow) (Fig. 6 ii) did not show
he peaks of adsorbed species; however, a peak at 1401 cm−1 was
resent, which may be due to (i) S O vibrations (if there happened
ny qualitative variation in the acid sites during the reaction as this

eak was absent in the fresh SZ-600) or (ii) coke deposition. The
ossibility of (i) has been ruled out because after pyridine adsorp-
ion this peak should be shifted to lower wave number as was found
n the SZ-700 and SZ-800 samples; however, it was not the case

ig. 6. FT-IR spectra of: (i) used SZ-600; regenerated (ii) at 550 ◦C, 4 h in air flow and
iii) at 550 ◦C, 10 h in air flow.
Fig. 7. 1H NMR spectrum of 7-isopropyl-1,1-dimethyltetralin.

(Fig. 4i-d). Therefore, the presence of this peak indicated the coke
deposition on some of the active acid sites, which remained present
even after heating for longer time of 10 h in a flow of air (Fig. 6iii).
The pyridine adsorption on this regenerated catalyst showed the
presence of Brönsted and Lewis acid sites similar to the fresh one
(Fig. 4i-d); however, the calculated B/L ratio was lower, i.e., 2.66 as
compared to the fresh catalyst having a B/L ratio of 5.62.

Based on the above results the decrease in the catalytic selec-
tivity for 7-isopropyl-1,1-dimethyltetralin in regenerated catalysts
may be attributed to a decrease in the B/L ratio, which is dependent
on the sulfur content of the catalyst. The loss of sulfur during the
reaction may occurred due to the formation of an organo-sulfur
complex on the active sites on the surface as well as within the
pores of the catalyst. Though heating in air flow has regenerated
few active sites and increased the selectivity for isolongifolene,
but not all sites necessary for higher selectivity for 7-isopropyl-
1,1-dimethyltetralin. A small amount of coke deposition, e.g., only
0.06 wt% may result in complete deactivation of sulfated zirconia
for n-butane isomerization [34]. The loss in sulfur content resulted
in a change in surface acidity in terms of the acid sites ratio and thus
in the catalyst selectivity for 7-isopropyl-1,1-dimethyltetralin. It
clearly showed the role of the optimum B/L ratio in the selective for-
mation of 7-isopropyl-1,1-dimethyltetralin under the experimental
conditions studied.

3.5. Characterization of the products

The major product, 7-isopropyl-1,1-dimethyltetralin, was sepa-
rated from the reaction mixture and purified by silica gel column
(60–120 mesh) with petroleum ether. It was characterized by 1H
NMR spectroscopy (Fig. 7) and GC–MS analysis (Fig. 8i).

1H NMR (CDCl3): ı 7.10–7.20 (d, 2H, ArH), 7.0 (s, 1H, ArH),
2.60–2.90 (3H), 1.50–1.90 (4H), 1.20–1.40 (12H). The m/z for molec-
ular ion [M]+ of 7-isopropyl 1,1-dimethyltetralin (C15H22) is 202.

The other major rearranged intermediates such as tetramethyl-
hexahydromethanonaphthalene [M+ 204] (Fig. 8ii) and 7-iso-
propylidenedimethyloctahydronaphthalene [M+ 204] (Fig. 8iii) and
an octalin derivative, i.e., 7-isopropyldimethyloctahydronaphtha-
lene [M+ 206] (Fig. 8iv) was also identified by analyzing the reaction
mixture by GC–MS (Fig. 8).
4. Mechanistic pathway of rearrangement of longifolene to
isolongifolene and 7-isopropyl-1,1-dimethyltetralin

Dev [35] has elegantly explained the longifolene chemistry
and formation of isolongifolene via several possible schemes.
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diverted products through other pathways such as elimina-
tion/rearrangement/disproportionation [35]. The intermediate
carbonium ion (b) is a key intermediate for the formation of
these aromatic hydrocarbons through the bicyclic cation (d).

Table 7
Theoretical calculations for free energy and entropy at 25 ◦C.
ig. 8. GC-mass spectra of (i) 7-isopropyl-1,1-dimethyltetralin (7-isopropyl-1,1-dim
iv) rearranged octalin derivative product.

e have tried to summarize the formation of 7-isopropyl-1,1-
imethyltetralin via isolongifolene in Scheme 4. Longifolene (I) is a
trained high energy molecule having an exo-olefinic double bond,
hich has strong affinity towards the protons (available from the

cid catalyst) to form carbonium ion (a). The carbonium ion thus
ormed is highly reactive and undergoes a series of 1, 2 shifts of
CH3 group, hydrogen and C–C � bonds to form (b), which then
earranges to a comparatively lower energy configuration forming
solongifolene (II). However, isolongifolene is still a high energy

olecule by virtue of the presence of the strained bicyclo [2.2.1]
eptane system and an olefinic double bond inside the ring, and
herefore, in the presence of highly acidic conditions, it takes pro-
on and again forms carbonium ion (b), which undergoes several

limination/rearrangement/disproportionation to attain a stable
olecular system such as 7-isopropyl-1,1-dimethyltetralin (III).
Our theoretical calculations (Table 7) for free energy and entropy

or the stable structures drawn (Fig. 9) for longifolene (I), isolongifo-
ene (II) and 7-isopropyl-1,1-dimethyltetralin (III) confirmed these
1, 2,3,4-tetrahydro-naphthalene), (ii) isomerized, (iii) intermediate isomerized and

successive rearrangements. Lower free energy and higher entropy
values for II and III favor their formations.

The formation of tetralin (III) and also octalin (IV) deriva-
tives may be explained in terms of sterically crowded struc-
tures of longifolene (I) and isolongifolene (II), which can
divert the normal reaction pathways resulting in sterically
Compound Free energy (G)
(kcal/mol)

Entropy (S)
(kcal/mol K)

Longifolene 192.657 125.166
Isolongifolene 191.821 128.818
7-Isopropyl-1,1dimethyltetralin 176.313 133.459
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Scheme 4. Mechanistic pathways of rearrangement of longifolene to isolongifolene and 7-isopropyl-1,1-dimethyltetralin.

Fig. 9. Theoretical stable structures of longifolene (I) isolongifolene (II) and 7-isopropyl-1,1-dimethyltetralin (III) drawn by Materials Studio.
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y comparing the data shown in Table 5 with Scheme 4 and
cidity measurement of the catalysts, we suggest that at the
ubstrate to catalyst weight ratios of 50–100, i.e., in the pres-
nce of a less number of weak to moderate Brönsted acid sites,
ntermediate carbonium ion (b) is formed, which rearranges to
solongifolene via carbonium ion (c). However, at substrate to cat-
lyst weight ratios of 5 and 10, i.e., in the presence of a higher
umber of Brönsted acid sites available, isolongifolene further
akes proton and forms (c), which rearranges to (d) via (b) to
orm tetralin (III) and octalin (IV) derivatives through rearrange-

ent/elimination/disproportionation.
The GC-mass spectra (Fig. 8) of the reaction mixture showed

he presence of tetramethylhexahydromethanonaphthalene (ii),
-isopropylidenedimethyloctahydro naphthalene (iii) and 7-

sopropyldimethyloctahydronaphthalene (iv), which are the rear-
anged products, i.e., (g), (e) and IV, respectively as shown in
cheme 4. It showed the possibility of the reaction occurring via
he pathways as shown in Scheme 4.

. Conclusions

Nano-crystalline sulfated zirconia catalysts have been found to
how excellent catalytic activity for the rearrangement of longi-
olene under the solvent free conditions. However, the selectivity
or the rearranged products namely isolongifolene and 7-isopropyl-
,1-dimethyltetralin was strongly influenced by the surface acidity
n terms of an optimum B/L ratio as well as by the amount of
he catalyst. For example, ∼100% isolongifolene can be obtained
sing a less amount of the catalyst, whereas for 7-isopropyl-1,1-
imethyltetralin a higher amount of catalyst is required. Kinetic
nd 1H NMR spectroscopic studies confirm the formation of 7-
sopropyl-1,1-dimethyltetralin through further rearrangement of
solongifolene. Acidity measurements by NH3 TPD and pyridine
dsorption confirm that presence of a higher number of total acid
ites and strong Lewis acid sites are not necessarily catalytic active
or the present rearrangement reaction under the experimental
onditions studied. On the other hand, a higher number of weak
o moderate Brönsted acid sites with an optimum B/L ratio in the
ange of 3.6–5.6 are required for the formation of 7-isopropyl-1,1-
imethyltetralin. The catalyst having a higher B/L ratio (5.6) showed
igher selectivity (56%) for 7-isopropyl-1,1-dimethyltetralin.

The regenerated catalyst was found to have similar conver-
ions of longifolene as that of fresh one, however, with increased
electivity for isolongifolene and decreased selectivity for 7-
sopropyl-1,1-dimethyltetralin, which may be attributed to the loss

f sulfur during the reaction by forming an organo-sulfur complex
eposited as coke on the active sites of the catalyst. The decrease

n the sulfur content resulted in the decrease in the B/L ratio, thus
ignificantly decreasing the catalyst selectivity for 7-isopropyl-1,1-
imethyltetralin.
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