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Abstract

One-pot acetalizations of cyclohexanone. acetophenone and benzophenone were carried out using methanol over H-montmorillonite clay
{a mesoporous material), silica, alumina, and difterent zeolites such as HFAU-Y. HBeta. H-ZSM-5, and H-mwordenite. In all the cases. a single
product—ihe corresponding dimethylacetal—was obtained in high ytelds. Hemiucetal formation was not observed with any catalyst. A
comparison of catalytic activity imndicated that montmorilionite K-190 is the most active catalyst for the reaction. As evidenced by the reaction

time studies. the catalyst decay 1s greater over the zeolite catalyst than over the clay.

¢ 2004 Elsevier B.V. All rights ceserved.
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1. Introduction

Zceolites have attracted great deal of attention among
rescarchers in the field of heterogeneous catalysis due to
their very high activity, high selectivity, and reiatively high
surface arca and better reusability. It is generally observed
that almost all reactions catalyzed by concentrated sulphuric
acid ar¢ catalyzed by zeolites also. Zeolites have the
additional advantages of higher product selectivity and
better reusability over H.SO,. Many applications of zeolites
in commerciatly important rcactions like (luid catalytic
cracking (FCC) [1], isomerization [2]. alkylation {3], and
Beckmann rearrangement reaction ol cyclohexanone oxime
to caprolactam [4] and in the synthesis of lincar alkyl
benzencs (LABs) {51 by the alkylation of benzene with long
chain alkenes are reported. Zeolites are non-corrosive and
they preduce no harmful degradation products. Thus, they
are eco-friendly catalysts holding tremendous potential in
the development and adaptation of green processes.
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1.2-Diacctals arc cffictent protecting groups lor 1,2-diol
units in carbohydrates [6-8]. In particular, monosaccharide
units protecled as cyclohexanone 1.2-diacetal (CDA) offer
rapid access to important building blocks for oligosaccharide
synthesis [8.9]. Grice et al. have reported the preparation,
structure. derivatization and NMR data of CDA-protected
carbohydrates [10,11]. The asscmbly of large, complex
oligosaccharides presents a sigaificant challenge o syn-
thetic chemistry. Currently the routes (o these molecules often
employ large number of steps owing to unavoidable pro-
tecting group manipulation and activation protocols. Cheung
et al. reported that tuning the reactivity of glycosyl doners by
selective introduction of different protecting and leaving
groups, in conjunction with the principle of orthogonal
activation. enabled highly eflicient oligosaccharide synthesis
[12]. Ome-pot sequemial glycosidation of four or five
components gave (etrasacchrides and  pentasaccharides,
respectively. Acctalization reactions also find extensive appli-
cations in the synthesis of enantiometrically pure compounds
{12,13], which find practical application in the ficlds of
synthetic carbohydrates [14,15), steroids [16], pharmaccu-
ticals. and fragrance [17,18] and polymer chemistry [19].
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Thus. development of elficient reagents for acetalization
reaction is ol considerable interest.

Traditionally, acetalizations of aldchydes and ketones
are performed using trimethy] orthofomate in the presence
of an acid catalyst such as HCI. H-SOy. p-tolucnesulphonic
acid. or iron(ITl) c¢hloride [20.21}). Eco-fricndly solid
acid catalysts such as SOf‘/ZrOz, SO, /M0y [22]. Ce-
exchanged montmorillomite [23]. acidic zeolites [18,24.25],
and siliccous mesoporous material {26} have also been
reported to be active for the acetalization rcactions. The
Lewis acidity of complexes such as [(dppe )M(H-0)» ], where
M s Pror Pd (dppe is 1.2-bis(diphenylphosphino)ethane) is
also utilized tor acetalization reactions in 4 homogencous
reaction medivm [27.28). In this paper. we report the room
temperature.  stngle-pot acetalization of cyclohexanone,
acetophenone. and benzophenone with methanol for the
preparation of the corresponding  dimethylacetals. The
cffects of temperature, molar ratio of ketones and methanol
and amount of catalyst on the acetalization process were
investigated in somie detail. We focused our attention on the
wide difference in the activity of various zeolites, somce
common metal oxides. and montmorillonite K-10 clay. We
conclude that the pore size of the calalyst system has a
remarkable influence on the catalytic activity.

2. Materials and methods

Pure HFAU-Y zcolite was supplied by Sud-Chemie Ltd.
(India) H-ZSM-5 and H-BEA (H-B) were supplied by
National Chemical Laboratorics (NCL) India. H-Mordenite
was supplied by Zeolyst International, New York, USA.
Montmorillonite K-10 was procured from Aldrich Chemical
Company. S10; was prepared by the acidification of an
aqueous  solution of sodium  silicate. The  gelatinous
precipitate obtained was washed free of electrolytes using
de-ionized water. Tt was dried at 383 K overnight in an air
oven and dehydrated by calcining to 773 K at a heating rate
of 20 K/min under a constant flow of air over the sample
(60 mL/min). Aluminium oxide was preparcd by the
addition of ammonia 10 a boiling solution of aluminium
nitrate. The hydrated oxide was washed firee of clectrolytes
using de-tonized water and dried at 383 K in an air oven
overnight. It was then calcined to 773 K at a heating rate of
20 K/min under a constant flow ol air over the sample
{60 mL/min) [29.30}.

The crystalline naturc of the materials was established by
X-ray diffraction studies performed using a Rigaku D-max C
X-ray diffractomcter with Ni-filiered Cu Ka radiation. Acid
structural propertics were cstimated using temperature
programmed desorption (TPD) of ammonia with conven-
tional equipment. Pelletized catalyst (500 mg) was activated
at 773 K in a muffle furnacc and loaded in a steel reactor of
15 ¢m length and 0.5 ¢cm i.d. It was then activated at 573 K
under constant nitrogen flow for (0.5 h. After cooling to
room lempcrature, the sample was saturated with ammonia

in the absence of carrier gas (Ny) and the system was
allowed to attain cquilibrium. Nitrogen flow was restarted
o fush out ¢xcess and physisorbed ammonia. The
temperature was then raised in a sicpwise nmanner at a
lincar heating rate of 20 K/min. The ammonia desorbed
from 373 to 873 K was monitored using a conventional TPD
analyzer. BET surface arca and pore volume measurements
were performed using a Macromeritics Gemini surface arca
analyzer using N> adsorption technique at liquid nitrogen
temperature.

Cyclohexanone, acctophenonce, and benzophenone were
purchased from Aldrich Chemical Company, USA and
commercial-grade methanol  (available from SD Fine
Chemicals, India) were used as received. One-pot acetaliza-
tion reactions of carbonyl compounds were carricd out in a
50 ml. glass batch reactor equipped with a magnetic stirrer,
thermometer, watcr condenser and temperature controller.
All the experiments were performed under nitrogen. In a
typical run, 10 mL of a 1:10 mixture of ketone and methanol
was stirred tor 10h under a slow flow ol moisture-tree
nitrogen. Samples were withdrawn every 2 h and at the end
of the rcaction (after 10h) and were analyzed with a
Chemito GC 1000 gas chromatograph equipped with a SE-30
capillary column (oven temperature 353-503 K. injector
temperature 373 K, detector temperature 373 K). The
products were further analyzed by GC-MS using a
Shimadzu-5050 instrument provided with a 30 m HP-30
capillary column ol cross linked 5% phenylmethylsilicone.
The MS detector voltage was 1 kV. The m/z values and
relative intensity (%) are indicated for the significant pcaks
(coaditions: column temperature was adjusted between 323
and 533 K with a heating rate of 10 K/min; injector: 513 K:
detector: 563 K).

3. Results

The surface area (Sget). the micro-pore volume (Vv
and other general features of the zeolites are presented in
Table 1. For cach zeolite, the values of surface arca and pore
volume match well with reported values [311. Itis scen that
the adsorption—desorption nitrogen isotherm shapes of the
sample showed a hysterisis loop attributablc 10 the presence
of mesopores. Comparatively large amounts of mesopores
are found in HFAU-Y and HBeta zeolites. This portion is
much lower in the mordenitc.

The acid structural propertics of the samples were
determined by thermodesorption of chemisorbed ammonia
(NH;-TPD). This method provides general information on
the number and distribution of acid strength of the active
sites. The amounts of ammonia desorbed were formally
divided into three tempcrature ranges to denole three types
of acid sites: (1)} weak acid sites, ranging from 373 10 473 K:
(2) moderate acid strength, ranging from 473 to 673 K: (3)
high acid strength, ranging from 673 to 873 K as shown in
Table 2. It was observed that ammonia desorption from acid
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Table 1

General teatures of zeolites and montmorillonite K- 1} cliy used in the liguid phase acetalization reaction ol ketones

Zeole/elay SVAL Sury Pore volume”
1 I

Gengeral features

> :
(m-g Y fem g )

imensionality

Pore size (nm) Point group™  Crysal face” Crystal

szet ()

12 <

HEAU-Y (.S 1.5 398 0.260 3D
HZSM-S40°* 10 413 0.163 in
HBek2e™ 26 745 0.232 an
HMOR (9™ 19 532 0,188 m
Mommarillonite K-10% 2.7 183 0.204 2

Super cage: 1L18: Fadm Cubic 0.90
window: 074 x 0.74

053 x 1536 P Onhorhombic 040
.66 « 0.07 P422 “Tetragonal 0.51
0.26 » 0.57 Crmienn Orthorhombic 0.92
Averiage pore - - 2140

size = L0 nm

* As determined by inductively coupled plasmi-atomic cmission spectroscopy (ICP-AES) analysis.

® Total pore volume measured at 0.9976 PP,
© Ay determined by powder X-ray diffraction swudies.

Table 2

TP of wnmonia from different zeolites HEAU-Y. HZSM-5. HBcta, HIMOR and other matertals used in the acetalyzation reaction

Canalyst Anount of ammonis tnimol/z 'y desorbed within certain temperaure range (K)
373473 (w) 473 673 (m) 673-873 (») 373-873 tcumulative) shw 4

HFAU-Y1.5 0.69 0.41 0.33 1.43 .30
HZSM-540 (16N 0.34 0.29 1.28 .29
HBetu26 .32 0.70 0.31 1.73 0.42
HMOR 19 0.63 (1.56 0.73 1.92 .61
Monimorillonite K-10 0.535 .24 13 (.92 0.16
Si0- .59 0.1 0.07 0.77 (.10
v-AlO; .56 .19 0.13 0.88 0.17

* Ammonia desorbed in the emperature range 373—473 K might contain small amount physisorbed ammonia too.

sites occurred mainly at relatively low temperatures for
HZSM-5 and HFAU-Y zeolites, al the intermediate tem-
peraturcs for the beta sample, and in the high temperature
domain for MOR zeolite saumple. The overall amount of
ammonia desorbed enables one to evaluate the concentration
of accessible acid sites. For diiferent zcolites, the acidity
values follow the order: HMOR19 > HBeta26 > HFAU-
Y1.5 > HZSM-540.

Acctalization of all the three ketoncs with methanol
produced the corresponding diacetals as the only product.
Montmorillonite clay was found o be the most active
catalyst with any ketone. Zeolites arc far less active
comparcd to the mesoporous clay. Among different zcolites,
mordenite was lound to be the most active towards the
reaction and H-Y the least active. Silica and alumina
cxhibited negligible activity tor the rcaction. There was no
predominant increase in the percentage conversion with
increase of reaction time. It appears that the acctalyzation
products themsclves adsorb o the catalysts and thereby
block the pores and/or the active sites leading to the loss of
catalytic activity. This is more pronounced in the case of
zeolites. Among dilferent ketones, cyclohexanone is the
most active and benzophenone the least. Montmorillonite
shows a couversion of 71.7% in 2 h with cyclohexanone,
13.8% with acetophcnone and 2.8% with benzophenone,
whereas with mordenite the conversion is 64.9, 9.8 and

2.2%. respectively. Silica and alumina do not initiate any
conversion. Reaction time studies show that the catalyst
loses activity during the lormation ol acetals. This is more
pronounced in the case of zeolites (sec Table 3) than in the
casc of montmorillonitc K- 10. There is apparently not much
change on the yield of acctals after 10h in the case of
rzeolites.

4. Discussion

Liquid phasc acctalization ol ketones over montmor-
illonite K-10 clay is much more ¢fficient than over zeolites
or common metal oxides used in catalysis such as silica and
alumina. The activity difference could be due to two
important properties: acid structural properties (total acidity
and strength of the acidic sites) and diffusional properties,
which are determined by the pore structurc of the materials.

Since acetalization is an acid-catalyzed reaction, it is
logical to correlate the acid structural properties of the
materials as obtained from the temperature programmed
desorption of ammonia with activity. According to the
TPD ammonia results, HMOR was the most acidic catalyst
and had the highest s/w + m ratio, which mcans it posscsses
the strongest acid sites. Also, zeolites have more strong
acid sites than the clay (montmorillonite K-10) or oxides
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Table 3

Acatalization ol cyclohexanone. ucctophenone, and benzophenone: varation of catalyst

Canalyst Percentage conversion ol ketones

Cvyelohexanone®

b h
Acetophenone Benzophenone

2h 10 2h 10k 2h 101
HEFAL-Y 1.5 136 499 4.4 7.6 1.2 24
HZSM-5H) 624 66.Y hN 8.3 1.6 N
HBcla26 635 69.5 RA 8.3 1.8 4.
HMOR 1Y 649 84,0 9.8 129 22 5.7
Montmorillonite K- 16 717 88.2 138 21.2 2R 58
$i0, 0 0 0y 1.2 ¢ 0
y-Al>0, 28 49 1.1 1.9 1] ¢}
None* i} 0 \] ] 0 3]
Filwrae! 0 0 0 0 0 0

Experimental conditions: ketone:methanol molar ratio. F:30: reaction temperature, ambient temperatores: catalyst amount: 250 mg: gentle How of inert

nitrogen.

* Reactions were carried out at coom temperature under atmospheric pressure.

I ) ) . )
" Reactions were carricd out at ambient temperature and atmospheric pressuie,

© Without using catalyst.

After the reaction over HMORIY. the catalysy was removed by filteation and the filtrate obtained was used (o examine the catalvtic activity of the possible

dissolved components ol the catalyst.

(sec Table 2). However, the clay is a much superior catalyst
compared to zeolites. This is not entirely surprising since
catalytic activity of a catalyst towards the acctalization
reaction does not require strong acidity. Based on these
results. we concluded that the acid propertics of these
matertals do not have a major role in deciding catalytic
activity. Hence. other properties of these materials have a
more decisive role in determining their catalytic activity.

HMOR has a bi-directional pore system with parallel
circular 12-ring channels (0.65 nm x 0.70 nm)and ¢lliptical
8-ring channels (.26 nm x 0.57 nm). However, it practi-
cally functions as a unidirectional pore systcm since the 8-
ring channels do not allow the passage of all but small
molccules. H-Beta has a three-dimensional interconnecting
pore system with pores of 0.55nm x 0.55nm and
0.76 nm x 0.64 nm and HFAU-Y has a 3D interconneeting
porc systems with super cages of 1.18 nm connccted by
circular 12-ring 0.74 nm windows. The ZSM-5 zcolile
comtains a zigzag channel system intersecting a straight
10-ring channe! (medium pore) to produce the three-
dimensional  pore  system of (.51 nm x 0.55am and
0.53 nm x 0.56 nm (straight channcls) [32-35]. SiO- and
Al>Oz do not have a regular pore structure.

The shape selectivity associated with the zeolites has its
origin in the well-defined pore structure which could be
manipulated 0 some extent. With larger substrates,
diffusional restriction leading to lose of catalytic activity
is often encountered in the case of zcolites. So, the quest for
other materials having large pore dimensions has been the
subject of intense rescarch. Montmorillonite ¢lay is a layered
alumino-silicatc with a dioctahedral layer sandwiched
between two tetrahedral layess. Unlike any other zeolites
uscd, this does not have a regular pore structure [36]. The
pore sizc given in Table 1 is an average value. The structure
of the clay is constituted of both micropores and mesopores.

The amount of mesopores is less when compared to the
amount of micropores. This explains its reduced surface arca
and pore volume when compared o zeolites (Table 2).
However. the average pore size is greater than that of zeolites
(>1.0 nm).

As pointed out carlier. the pore diffusion limitation
induccd by the large molecular size of the reactants played
an important role on the acetalization reaclion using zcolite
catalyst [18.24.25.37]. Only the acid sites on the outer
surface of the zeolites are available o reactants and higher
product yield could only be attained after longer reaction
time. This will explain the comparatively lower activity of
zeolites over common mesoporous materials ol lower
acidity such as montmorillonite K-10. Montmorillonite K-
10 1 a mesoporous material and in cffect reactants can easily
access all the acidic sites available for the rcaction. Hence. it
is concluded that the effect of pore diffusion was not as
crivcal for the clay as in the case ol zeolites. Even though the
concentration of mesopores is low, it will be enough for the
acetalization reaction. The presence of these mesopores
must be responsible for the greater activity of montmor-
illonite. The wide variation in the activity is further
confirmed by our studics on some common mctal oxides
such as alumina and silica (both prepared by usual chemical
routcs). Alumina and silica which do not possess enough
acid centers exhibit very low or no activity for the
acetalizatton reaction. All zeolites. cven through they have
a regular microporous structure, do not show same activity.
Mordenite with large straight pores allows diffusion of the
product easily and hence will have the highest overall
activity among the zeolites. HFAU-Y has a 3D cage structure
and the diffusion of the products i1s hampered by the
complicated pore system, which explains its low activity.
Lack of sufficiently large pores and very low acidity might
be the reasons for the extremely low activity of silica and
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O310.14+0. 1 nm
volume: 38.351 cubic nim

Q7100401 nm
volume: 47.33X cubie nim

093-0.1410.0 nm
volume: 39.494 cubic nm

Scheme 1. Moleculiar sizes and the corresponding volumes o different
Ketones.

alumina. Reaction time studies show that the catalyst decays
during the formation of acctals. This is more pronounced in
the case of zeolites. The decay on zeolites is probably due to
the higher adsorption of the reactants and lower rate of
desorption of products. Over the clay. the rate ol desorption
is comparatively higher and consequently there is less decay.
Mordenite (like the clay) exhibits a low rate of decay mosily
duc to the unidirectional pore system (see above discussion).

The diffusion of the reuctants through a given pore size is
a factor of the molecular size of the ketones. The reactivity
of the kctones decrcases in the order cyclohexano-
nc > acetophenone > benzophenone (Table 3). The difter-
ence in the acetalization activity among ditlerent ketones
could be correlated to their molecular sizes and volumes.
Schemc | depicts the molecular sizes of the ketoncs
cxamined by us and their corresponding volumes.

Inthe casc of cyclohexanone: the distance between oxygen
and the most distant hydrogen is 0.51 nm; the van der Waals
radius of oxygen is 0.14. and that ol hydrogen is (.1 nm
leading to an effective end-to-end distance of 0.75 nm. Its
volume is estimated at 38.351 nm”. Applying simitar suategy,
the molccular sizes of acerophenone and benzophenone were
found 10 be 1.03 nm (volume 43.578 nm') and 1.19 nm
(volume 59.494 nm*). Itis scen from the above molecular size
and volume calculation that both follow the order cyclohex-
anone < acctophenone < benzophenone. The elficiency of
acctalization of the three ketones over different catalysts
follows the reverse order. But we cannot overemphasize the
role of molecular size on rcactivity since it is known that
cyclohcxanone is more reactive towards nucleophiles than
both acctophcnone and benzophenone (taken in that order)
[38].

S. Conclusions

We have established that the zeolites and H-montmor-
ilonite clay are active and sclective catalysts for the
acetalization of ketoncs. The reaction requires active sites
with low acid strength. Howcever, rather than acid structure it
is the pore sizes and their distribution in the catalyst that arc
more critical. This is further confirmed from our studies on
zeolites. silica. alumina, and montmorillonite clay. Mon-
tmorillonite is a far better a catalyst with any kelone.
Working with small ketones (cyclohexanone) as reacuants.
these materials are moderately active. Howcver, these

materials are less effective with ketones of larger size
(acetophenone and benzophenone). Hence. when reactants
with molecular size greater then (.75 nm (cyclohexanonc:
(.75 nm) are used. geometrical constraints do not allow the
reactunts 10 ditfuse inside the pores of the zeolites and only
the external surfaces of these materials become available for
the reactants. Reaction time studics show the catalyst decay
during the formation of acetals. which 1s larger on zeolites
than montmorillonite K-10 duc 1o the Targer adsorption and
lower diftusion rates on the former.
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