
t

ontmoril-
sites of
reaction is
r of activity
and
t
t

Journal of Catalysis 218 (2003) 227–233
www.elsevier.com/locate/jca

Metal cation-exchanged montmorillonite catalyzed protection
of aromatic aldehydes with Ac2O
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Abstract

The protection of aromatic aldehydes with acetic anhydride was investigated in the presence of 26 metal cation-exchanged m
lonites (Mn+-MMT) and commercial acid-activated K10 and KSF montmorillonites (Südchemie Moosburg, Germany). The acid
all catalysts were investigated by infrared spectroscopy and thermal analysis using pyridine as a molecular probe. The yield of
roughly related to the strength of acid sites and depends also on the substitution on the benzene ring of the aldehydes. The orde
of selected cation-exchanged forms was Al> K10 ∼ KSF> Zn > Na which correlates well with the polarizing power of these cations
resulting acidity. Al3+-MMT is revealed to be an effective catalyst for protection of aromatic aldehydes with Ac2O and produces almos
solely 1,1-diacetates. Relatively high yield of products observed for “moderately acid” cations, such as Zn2+, can be explained by the fac
that protection of aldehydes requires medium-strength acid sites.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Selective organic transformation in the presence of
ious solid catalysts including metal cation-exchanged c
minerals is of current interest in making the synthe
processes comfortable and benign to the Earth [1]. The
ity of variously exchanged montmorillonites to catalyze
range of organic reactions of synthetic and industrial sig
icance remains attractive for chemists [2–4]. The catal
activity could be explained in terms of either Lewis or Brø
sted acid centers contributing to the reaction mechanism
Clay catalysts have been shown to contain both Brøn
and Lewis acid sites, with the Brønsted sites mainly ass
ated with the interlamellar region and the Lewis sites ma
associated with edge sites. The acidity of smectites is in
enced by the quantity of water between the layers [6,7].

In the interlayer space basic and acidic adsorption s
are present [8]. The oxygens of the O planes and excha
able metal cations are electron pair donors and accep
or Lewis bases and acids, respectively. Since the interl
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space contains water under ambient conditions, the co
bution of the Lewis bases and acids to the overall sur
acidity of the interlayer is only secondary. However, Lew
base and acid properties are revealed when the adsor
of an organic compound is accompanied by expulsion of
interlayer water.

Water molecules in the hydration spheres of exchan
able cations are proton donors (Brønsted acids). Hydra
water dissociates under the polarizing effect of the meta
cation as follows:

[M(OH2)x ]m+ → [M(OH)(OH2)x−1](m−1)+ + H+,

wherex is the number of water molecules that directly co
dinate the metal cation M andm+ is the charge on the cation
A similar cation polarizing effect occurs in aqueous salt
lutions, but it is much more significant in the interlayer spa
of clay minerals. The reason for this enhancement is the
electric constant of interlayer water, which is less than
of ordinary water; consequently, protons in the interlayer
more mobile than in bulk water [9–11]. The degree of d
sociation of water is 107 times higher in the interlayer spac
than in liquid water [12].

Most of the methods utilized for the determination
the acidity of acid-treated clays are time consuming [1

http://www.elsevier.com/locate/jcat
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Several studies have shown that thermogravimetric ana
of the desorption of bases, such as butylamine, cyclohe
amine, and pyridine, can be used to evaluate rapidly
amount and type of acid sites in clay minerals [13–15]. T
technique of temperature-programmeddesorption (TPD
been used to considerable advantage for elucidation o
number and type of adsorption sites on a wide range of s
surfaces which exhibit catalytic properties. However, as w
many physical techniques, the results from the TPD te
nique cannot be interpreted in isolation and corrobora
evidence is generally sought from infrared (IR) spectra.

The first step in the activation procedure, which is
quired for both natural and synthetic clay minerals, is
convert the mineral into the desired ion form. In the c
of metal ions, this can be achieved relatively easily by
exchange using a concentrated solution of a suitable salt
lowed by repeated washings to remove the excess salt. A
alternative, one can use ion-exchange resins in suitabl
forms.

There is still a great demand for heterogeneous ca
sis under mild conditions and in environmentally friend
processes. Montmorillonites, a class of inexpensive and
corrosive solid acids, have been used as efficient cata
for a variety of organic reactions. The reactions catalyze
montmorillonites are usually carried out under mild con
tions with high yields and high selectivities and the work
of these reactions is very simple; only filtration to remove
catalyst and evaporation of the solvent are required. M
morillonite catalysts are easily recovered and reused [16

Some frequently used organic reactants containing
active groups, such as aldehydes and ketones, require
tection of these groups to avoid undesirable side react
Protection of aldehyde with acetic anhydride in the prese
of montmorillonite catalyst is a suitable reaction for test
the catalytic activity of modified smectites [18]. An earl
assay showed that heated NH4

+-MMT catalyzed protection
of 3,4,5-trimethoxybenzaldehyde [19]. The aim of this wo
was to prepare various homoionic montmorillonites from
Ca2+-form by ion exchange and to test catalytic activity
these materials for the conversion of benzaldehyde, 3
trimethoxybenzaldehyde and 4-nitrobenzaldehyde in ac
anhydride into diacetate.

2. Experimental

Montmorillonite separated from bentonite from the d
posit Ivaňcice (Czech Republic) was used for the exp
iments. Bentonite was ground in an agate mortar an
< 2-µm fraction was separated by sedimentation in orde
remove most of the impurities. In the course of this proc
the sample was repeatedly saturated with a calcium chlo
solution to obtain a homoionic form of montmorillonite. T
metal cation-exchanged forms (Mn+-MMT) were prepared
from the Ca2+ form via multiple overnight saturation wit
1 mol dm−3 Mn+Cln or Mn+(NO3)n solutions. Excess sa
n

-

.

-
.

was removed afterward by washing with distilled water u
a negative test for chlorides with silver nitrate solution or
nitrates with sodium salicylate solution/H2SO4. The metal
cation-exchanged montmorillonites were dried at 60◦C and
ground to pass a 0.2-mm sieve.

Commercially available acid montmorillonite-based c
alysts K10 and KSF were obtained from the manufact
(Südchemie Moosburg, Germany). Solvents and chem
were obtained from Merck (reagent grade) and were use
supplied.

All catalytic tests were performed in small glass fla
using 10 mg smectite immersed in 10 ml of a 0.02 M so
tion of aldehyde in acetic anhydride. The reaction mixt
was kept under stirring at 20◦C for 1 h. This reaction time
was chosen on the basis of preliminary results obtained
K10 and was suitable for all the different reactions and c
lysts studied. Ten microliters portions of the liquid pha
were removed from the flasks with a syringe, diluted to 1
with acetonitrile, and analyzed using HPLC chromatog
phy. Blank experiments (without a catalyst) were perform
simultaneously. Three parallel catalytic experiments w
carried out for each catalyst.

The samples for both thermal analysis and IR sp
troscopy were air-dried prior to exposure to reagent gr
pyridine vapor at room temperature for periods of 5 da
Samples (∼ 20 mg) were transferred directly from the de
iccator with pyridine vapor into the equipments.

3. Analytical methods

3.1. Fourier transform infrared (FTIR) spectroscopy

The DRIFTS (diffuse reflectance IR) spectra were
tained using a diffuse–reflectance accessory “Collec
from Spectra-Tech at room temperature without a dilutio
KBr on a FTIR spectrometer Nicolet Magna 750 equipp
with a DTGS detector. Samples were quickly poured loos
into a sample cup of∼ 1 mm depth and 3 mm diameter. F
each sample, 128 scans were recorded in the 4000–400−1

spectral range with a resolution of 4 cm−1.

3.2. Thermal analysis

The TG analyses (DTG curves are shown) were c
ducted from ambient temperature up to 700◦C using a T.A.I.
SDT 2960 instrument (∼ 20-mg sample mass, 10◦C min−1

in flowing air).

3.3. HPLC chromatography

Samples were analyzed using a Hewlett Packard
1090M HPLC apparatus with a Hypersil column (BD
5 µm/200×2.1 mm) and a mobile phase consisting of a m
ture of water and acetonitrile (1:1). Detection was perform
with a diode array detector at 210 nm and the products w
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identified by the retention times of reference substances.
ferences in the determined concentrations of the reac
products in three parallel runs were always within±2% from
the average reported. The yield was determined as the
centage of the reactant converted to the reaction produc

4. Results and discussion

The infrared absorption bands in the 1400–1700 cm−1

region for pyridine adsorbed on silica-alumina and alu
nosilicates have been used to study their acidity since
1960 [20–22]; however, the nature of acid sites on MMT
not been completely elucidated yet. It is known that sp
tra of MMT before pyridine adsorption contain in this regi
only one band near 1630 cm−1 due to the bending OH vibra
tions of water molecules. Analysis of the bands reporte
the IR spectra after the adsorption of pyridine on montm
rillonite shows that there are four types of adsorption s
(Fig. 1).

The Brønsted sites (B) show bands near 1490, 1
and 1635 cm−1 [6,14]. The 1540 cm−1 band is typical of
this site; the corresponding species is the pyridinium
(PyH+). It is assumed that tricoordinated aluminum ato
with an electron-free orbit constitute Lewis acid centers (
Pyridine coordinated to the Lewis sites absorbs near 1
1490, and 1610–1625 cm−1; the 1455 cm−1 band is typi-
cal of these sites [23]. The third type of site, correspond
to hydrogen-bonded pyridine (H) on the clay solid [20,2
has vibrations near 1440 and 1590 cm−1. These bands ar
probably due to a strong interaction between the cation
the pyridine molecule, by attraction of the cation into t
electrostatic field [25]. Liengme and Hall [26] suggested
other type of Lewis site and attributed the 1445 cm−1 band
to the (skeletal) ring-stretching vibration of pyridine coo
dinately bonded to the residual Na+ cations on dehydrox
ylated Y-type zeolites. This pyridine-cationized morden
band was strong enough to be present even after evacu
at 450◦C. Finally, the vibration near 1575 cm−1 is con-

Fig. 1. Bands in the IR spectra of acid solids with adsorbed pyridine in
1420–1650 cm−1 region. Pyridine adsorbed on B, Brønsted sites; L, Le
sites; H, hydrogen-bonded, and P, physisorbed pyridine.
-

n

nected with very weak adsorption corresponding eithe
simple nonspecific physical adsorption (P in Fig. 1) or to
extremely weak specific coordination of pyridine in MM
in strength similar to interactions of pyridine molecules
liquid phase [20,24].

Fig. 2 presents representative IR spectra of the sele
air-dried metal-exchanged montmorillonites, taken a
their exposure to pyridine. The samples exhibited abs
tion bands which, following Breen et al. [14], were assign
to physisorbed pyridine (∼ 1577 and∼ 1440 cm−1), hydro-
gen-bonded pyridine (∼ 1440 and 1590 cm−1), Lewis-bound
pyridine (∼ 1450, 1490, 1590, and 1620 cm−1), pyridine co-
ordinated through its aromaticπ -electrons (1607 cm−1), and
the pyridinium cation (1540 and 1640 cm−1).

The samples with alkali and alkali earths cations c
tained no Brønsted acid sites, only coordinately bound p
dine (the bands near 1440, 1490, 1590, and 1625 cm−1 in the
spectrum of Na+-MMT, Fig. 2). The bands near 1440 an
1590 cm−1 indicated hydrogen-bonded pyridine. The ban
near 1490 and 1625 cm−1 could be ascribed to pyridine ad
sorption on Lewis acid sites, but absence of the 1450 c−1

band makes this assignment improbable. The broad b
near 1625 cm−1 was of low intensity, which could indicat
some amount of strong and/or Lewis acid centers or ra
vibrations of remaining water molecules. This is more pr
able because no band was observed due to pyridinium
near 1540 cm−1, which would be indicative of Brønste
acidity. Assignment of this band to vibrations of water
supported by its easy removal upon heating [14]. Finally,
band near 1575 cm−1 and partially the band near 1440 cm−1

(more exactly, a component of this complex band) can

Fig. 2. DRIFT spectra of pyridine-saturated catalysts.
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attributed to physical adsorption of pyridine in MMT wi
alkali and alkali earths cations.

The spectra of Hg2+-, Cu2+-, and Zn2+-MMTs contain-
ing predominantly Lewis sites are shown in Fig. 2. Int
sities of the bands due to sorbed pyridine on typical Le
acid sites were moderate to high, e.g., the 1445 cm−1 band
in the spectrum of Hg2+-MMT. The band near 1490 cm−1

could be attributed to sorption of pyridine on both Brøns
and/or Lewis sites while the band near 1590 cm−1 was as-
signed to hydrogen-bonded pyridine. Both these bands
rather broad, suggesting a relatively wide range of stren
of these acid sites. Intensities of these bands are higher
in the spectrum of Na+-MMT (Fig. 2). Bands near 1570 an
1630 cm−1 represented the physisorbed and Lewis pyrid
and/or remaining water molecules, respectively, as desc
above.

Two bands at 1450 and 1573 cm−1 observed in the spec
trum of Cu2+-MMT (Fig. 2) were due to interaction of pyr
dine with Lewis centers and physisorption. No band was
served near 1540 cm−1; therefore, the band near 1490 cm−1

is considered to show only Lewis sites. The very broad b
near 1640 cm−1 includes vibration of water and interactio
of pyridine with the Lewis sites. Pyridine bands at 15
and 1607 cm−1 indicated two types of pyridine, i.e., pyr
dine hydrogen-bonded to water and pyridine directly co
dinated to the copper ion, respectively [27]. The spectrum
this deep blue sample contained absorption bands near
and 1590 cm−1, indicating the presence of hydrogen-bond
pyridine. The intense 1607 cm−1 band occurred only in th
spectrum of Cu2+-MMT and was ascribed to pyridine co
ordinated to copper through its aromaticπ -electrons rathe
than through the nitrogen atom. A change in color of Cu2+-
MMT upon adsorption of pyridine from the liquid phase w
ascribed to a pyridine free radical [28]. The formation a
further reactions of free radicals may be catalyzed by co
ions and these radicals could contribute to both the inte
color and unusual absorption of IR radiation by the copp
pyridine complexes in montmorillonite.

The spectrum of Zn2+-MMT (Fig. 2), as well as the spec
tra of Co2+-, Ni2+-, Cd2+-, Sn2+-, Mn2+-, Bi3+-, and Sb3+-
MMTs (not shown), exhibited similar bands as obser
for the spectrum of Cu2+-MMT. The shift of the band nea
1445 cm−1 can be interpreted as evidence of Lewis acid
of these forms. It is easy observed in case of the Zn2+-MMT,
which contains broad bands created by overlap of the b
at 1440 and 1450 cm−1, assigned as hydrogen-bonded a
Lewis acid site interaction of pyridine. In addition, the
tensive band at 1610 cm−1 suggested the presence of Lew
acid centers and the band near 1540 cm−1 of low intensity
signified the presence of relatively small amount of Brøns
acid sites.

The Al3+-, La3+-, Fe3+-, Ce3+-, Cr3+-, and Zr4+-ex-
changed forms, as well as K10 and KSF catalysts (only
spectrum of Al3+-MMT is shown in Fig. 2), contained pre
dominantly Brønsted acid sites [6,14,29] and the inten
of the band near 1540 cm−1 was higher in comparison wit
n

0

Fig. 3. Derivative thermograms for desorption of pyridine from Mn+-mont-
morillonites.

the other forms. Similarly as described above, the ban
1490 cm−1 reflected the presence of both Lewis and Br
sted acid centers. The bands near 1585 and 1595 c−1

and that near 1440 cm−1 corresponded to physisorbed a
hydrogen-bonded pyridine of the catalysts, respectively
tensities of all the bands except for that near 1570 cm−1 were
higher than in the spectra of the other forms described ab
proving higher acidity of M3+-MMTs. This was confirmed
by the high intensities of the “typical” Brønsted band n
1540 cm−1 in the spectra of Al3+-, La3+-, Fe3+-, Ce3+-,
Cr3+-, and Zr4+-MMTs and by the absence of a diagnos
Lewis band near 1455 cm−1.

Desorption of pyridine from different sites upon he
ing provides additional information on adsorption sites
solid catalysts [14]. Fig. 3 shows how the derivative th
mogravimetric profiles for several cation-exchanged m
morillonites saturated with pyridine vary with the natu
of the exchangeable cation. The peak at 50◦C occurred in
all hydrated Mn+-MMT and may be attributed to dehy
dration. Besides it, the Na+-MMT exhibited a maximum
near 130◦C, which can be ascribed to desorption of py
dine. No protonation of pyridine was observed for the alk
and alkaline-earth cation-exchanged forms, only the trac
Na+-MMT is shown in Fig. 3. Only one desorption max
mum from acid sites was observed near 190◦C in the traces
of Hg2+- (Fig. 3) and Pb2+-MMT (not shown), suggestin
that these two forms contain only Lewis acid sites, i.e., s
of moderate acid strength. However, the IR spectra sho
that some stronger acid sites could be present. Cu2+-MMT
had a desorption peak near 240◦C (Fig. 3), which can be at
tributed to desorption from acid sites of moderate stren
and/or to thermal decomposition of pyridinium copper co
plex formed after exposition of Cu2+-MMT to pyridine va-
por. Formation of such a complex is supported by IR sp
troscopy results as well as by the change of sky-blue c
to charming depth azurite after exposition to pyridine.

Desorption profiles for the Zn2+-, Co2+-, Cd2+-, Ni2+-,
Sn2+-, Bi3+-, Sb3+-, and Zr4+-MMTs showed three de
sorption peaks (only the trace of Zn2+-MMT is shown in
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Table 1
Ionic potentials of selected ions and acidity values, obtained from p
dine desorption between 300 and 400◦C, of montmorillonite saturated with
these cations

Cation Mn+ Ionic potential Acidity of Mn+-MMT
(e Å−1) (mmol g−1)

Na+ 1.05 0.118
Hg2+ 1.82 0.169
Cu2+ 2.90 0.357
Zn2+ 2.69 0.536
Al3+ 6.00 0.699

Fig. 3). The components at 50 and 90◦C were attributed to
desorption of water and pyridine, respectively [14], wh
that near 310◦C indicated the presence of protonated py
dine. The desorption profiles for K10, KSF, and the Al3+-,
La3+-, Ce3+-, Fe3+-, Cr3+-, and Mn2+-MMTs were very
similar; thus only the trace for Al3+-MMT is displayed,
showing three peaks at 50, 190, and 330◦C (Fig. 3). They
were attributed to physisorbed, Lewis-bound and proton
pyridine, respectively. This is in accord with the interpre
tion of the corresponding peaks in the desorption profile
cyclohexylamine [13].

Table 1 shows ionic potentials of selected cations
acidity values, obtained from pyridine desorption betwe
300 and 400◦C, of the same forms of montmorillonite a
shown in Figs. 2 and 3. Pyridine desorption in this tempe
ture range is attributed to pyridine bound to strong acid s
i.e., the sites of the highest catalytic potential. Genera
with increasing ionic potential (charge/radius ratio) of the
cation the acidity of the montmorillonite form increased.
apparent exception is zinc, which is more acidic than wo
be expected from its ionic potential. Zinc chloride adsorb
on montmorillonite is catalytically very active [16].

As the clay acidity depends on the nature of the excha
able cation, the catalytic activity of this series of catio
exchanged montmorillonites for protection of aromatic al
hydes with acetic anhydride was investigated [29]. The m
probable reaction mechanism is that the aldehyde grou
activated by the acid centers present on the catalyst,
lowed by a nucleophilic attack of the acetanhydride mo
cule (Scheme 1).

This reaction is considered to be a suitable alter
tive for preparation of 1,1-diacetates from aldehydes, w
the advantage of selectivity, operational simplicity, h
yields, short reaction times, and minimal environmental
pact [18]. The advantages for the tests of catalysts inc
high stability of reaction products and their relatively ea
and simple analysis, as well as sensitivity to the presenc

Scheme 1.
Table 2
Yields of reaction of R-benzaldehydes with Ac2O catalyzed with Mn+-
montmorillonites

Mn+ R

H 3,4,5-MeO 4-NO2

H+ (K10) 80 62 90
H+ (KSF) 81 63 92
Li+ 13 5 26
Na+ 16 3 27
K+ 17 4 26
Rb+ 14 6 25
Cs+ 15 4 28
Mg2+ 19 5 27
Ca2+ 16 4 28
Sr2+ 18 2 26
Ba2+ 14 3 29
Al3+ 83 60 95
Sn2+ 30 15 44
Pb2+ 33 11 42
Zr4+ 67 42 76
Cr3+ 77 52 84
Mn2+ 43 20 54
Fe3+ 80 57 89
Co2+ 45 23 56
Ni2+ 47 28 57
Cu2+ 41 19 53
Zn2+ 70 54 83
Cd2+ 41 24 52
Hg2+ 33 17 45
Ce3+ 77 54 85
Sb3+ 49 25 55
Bi3+ 45 21 53
La3+ 79 57 88

weak acid sites in the catalysts [30]. Therefore, it is a suita
reaction for testing catalytic activity of modified smectite
The results of catalytic tests are shown in Table 2.

It appeared that La3+, Cr3+, Ce3+, Fe3+, A13+, Zn2+,
Zr4+, and H+ were the most efficient cations, while oth
exchanged montmorillonite gave moderate (Co2+, Cd2+,
Cu2+, Hg2+, Mn2+, Ni2+, Pb2+, Sn2+, Sb3+, Bi3+) or low
(Li+, Na+, K+, Rb+, Cs+, Mg2+, Ca2+, Sr2+, Ba2+) yields
of the product. According to Adams [31], the M3+-MMTs
are expected to be more active than divalent (except Zn2+)
or monovalent ion-exchanged minerals. Zr4+-MMT was less
active than H+-MMTs in the acylation reaction, which ca
be explained by the fourfold lower amount of Zr4+ than H+
compensating negative charge of the layers and/or by Z4+
hydrolysis to form polymeric type species. Noteworthy
that Ce3+-faujasite was more active than Ce3+-MMT un-
der similar reaction conditions [32]. This suggests that
cation effect on the activity of a catalyst depends on
mineral framework and its negative charge, which is hig
for zeolite than for montmorillonite. It is worth returnin
to the Brønsted acid-catalyzed protection of substituted
matic aldehydes to examine the relationship between act
and Brønsted acid strength. This is not quite straightforw
because pyridine desorption acidity measurements pro
combined Brønsted and Lewis acidities. Nevertheless,
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infrared data in Fig. 2 show very clearly that the Al3+-MMT
has both the strongest and the most abundant acid sites
this is almost certainly a reflection of the surface Brøns
acidity on this catalyst. The activity of the Al3+-MMT in the
acid-catalyzed reaction is the highest of the group. A
sonable correlation was found for the surface acidity
catalytic activity for other ion-exchanged MMTs. For
three aldehydes the Al3+ form was the most active catalys
The highest Brønsted acidity of exchangeable Al3+ in Al3+-
MMT is generated when the ions are only partially hydra
so that the ion’s ability to polarize directly coordinated w
ter molecules is maximized. The acid-treated catalysts
and KSF were highly active in the acid-catalyzed protec
of aldehydes due to either the amount or the accessibili
the surface acid sites. The importance of active site ac
sibility in catalysts of this type was illustrated for Friede
Craft reactions catalyzed by K10 and a series of pilla
clays. The reaction was diffusion-controlled in the pilla
clay catalysts and the superior activity of the K10 was
largely to its wider pores and more accessible acid sites
Although the metal exchanged catalysts used here ex
smaller pores than the pillared clays, it is likely that diffus
control is more important in these catalysts than in K10.

Catalytic activities of ion-exchanged clay minerals
both Brønsted and Lewis acid-catalyzed reactions reflec
surface acidities of the catalysts. The trend shown in B
sted acidity is predictable, and can be explained in term
the abilities of the exchangeable cations in the catalys
polarize the coordinating water molecules and hence
erate protons. Ca2+-MMT and other forms with alkali and
alkali earth cations gave very low yields and in a con
experiment without any catalyst no reaction occurred.
catalysts in these forms show the lowest activity, confirm
that the exchangeable cations are indeed the active sites
periment with initiating reaction by adding the aldehyde
premixed catalyst K10 plus anhydride showed no differe
in the results of catalytic activity. The yields obtained w
different catalysts and aldehydes show that the reaction
depends on the reactivity of the aldehyde molecule, wh
is connected with the substituents, rather than on the b
ity of the aldehyde, thus proving the mechanisms show
Scheme 1.

Catalytic activity of the prepared materials was teste
the reaction of preparation of (R-phenyl)methylenediace
from R-benzaldehyde (R= H, 4-NO2, 3,4,5-MeO). These
liquid-phase reactions are relatively facile and simple,
only single quite stable products are formed. The react
in these three reactions contain the same functional gr
and so the factors associated with the active sites on the
alysts are likely to be similar. Neither reaction requires
produces water. Water could affect the strength of acid s
on clay surfaces and could hydrate Lewis acid centers
verting them to Brønsted acid sites.

The effect of substitution of benzaldehydes on the
alyzed reaction involved electron donating or withdraw
forces of the substituting group. The nitro group, in cont
d

-

t

-

-

-

to the methoxy group, has a strong electron-withdraw
effect and therefore the expected order of reactivity
substituted aldehydes was NO2 > H > MeO. The results
obtained evidently support this order, and average di
ences in the yield of reaction between experiments w
various aldehydes was∼ 10% for the unsubstituted and
nitrobenzaldehyde and about 20% for the 3,4,5-trimetho
and benzaldehyde. More reactive 4-nitrobenzaldehyde
acted faster than the other two and the lowest yield
the products were achieved with the least reactive 3,
trimethoxybenzaldehyde. Concerning the role of the c
lyst, it is well stated that reactions on montmorillonites g
erally involve previous adsorption and diffusion of react
through the pores and interlayers. However, in the pre
liquid phase reaction, the acid sites on the external sur
of the catalyst play a crucial role in the activation of re
tant molecules particularly with large and bulky compou
such as 3,4,5-trimethoxybenzaldehyde and its 1,1-diace
In fact, under these conditions the interlayer spaces are
pletely filled with solvent, reactant, and product molecu
and the curvature effects on the external surface of the
catalyst are likely to promote reagent activation and pro
selectivity [30,33,34].

5. Conclusions

Catalytic activity of metal cation-exchanged montmo
lonites was tested for the protection of three substituted a
hydes with acetic anhydride. Both the alkali and the alka
earth cation-exchanged forms were of low catalytic acti
due to their low surface acidity, which is documented by
IR spectra of adsorbed pyridine and DTG desorption tra
Many of exchanged forms with divalent cations of tran
tion metals were of moderate catalytic activity, though
fully approaching the activity of the acid-activated montm
rillonite catalysts K10 and KSF. Pyridine interaction exp
iments showed presence of both Lewis and Brønsted
sites, but did not allow their exact quantification. The h
activity of Fe3+, Al3+, La3+, Cr3+, Zn2+, and Ce3+ forms
is due to the formation of stronger acid sites resulting fr
the polarizing ability of these cations. The Brønsted a
ity, giving rise to the catalytic activity of clay minerals,
derived from the polarization of solvent water molecules
the small, highly charged interlayer cations. Conseque
the high catalytic activity of A13+- compared to Fe3+- and
Cr3+-exchanged montmorillonites has been attributed to
enhanced polarization of water molecules in the primary
ordination sphere of the Al3+ cation.
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