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Abstract Rare earth exchanged Na–Y zeolites,

H-mordenite, K-10 montmorillonite clay and amor-

phous silica-alumina were effectively employed for the

continuous synthesis of nitriles. Dehydration of ben-

zaldoxime and 4-methoxybenzaldoxime were carried

out on these catalysts at 473 K. Benzonitrile (dehydra-

tion product) was obtained in near quantitative yield

with benzaldoxime whereas; 4-methoxybenzaldoxime

produces both Beckmann rearrangement (4-methoxy-

phenylformamide) as well as dehydration products

(4-methoxy benzonitrile) in quantitative yields. The

production of benzonitrile was near quantitative under

heterogeneous reaction conditions. The optimal proto-

col allows nitriles to be synthesized in good yields

through the dehydration of aldoximes. Time on stream

(TOS) studies show decline in the activity of the catalysts

due to neutralization of acid sites by the basic reactant

and product molecules and water formed during the

dehydration of aldoximes.
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1 Introduction

The acid amount and thermal stability of synthetic

Na–Y zeolite can be dramatically improved by ion

exchanging with rare earth metal cations, and the

amount of improvement is controlled by the extent of

cation exchange [1, 2]. These zeolites have been

extensively used for industrial applications. Lantha-

num exchanged Na–Y zeolite plays an important role

in the preparation of catalysts for fluid catalytic

cracking (FCC), one of the most widely applied

petroleum refining processes that makes use of zeolite

catalyst components [2, 3]. Rare earth cations play an

important part in determining the steady state con-

formation of Y zeolite during catalytic cracking. Dur-

ing the regeration of FCC unit, the catalyst is exposed

to high-temperature which dealuminates the zeolite

framework, reducing the number of Brönsted acid sites

(BAS). However, dealumination can only occur at

Si–O–Al sites containing protons as cations, rare earth

cations effectively prevent dealumination. Also, these

zeolites have been extensively used as catalysts for a

large number of industrially important reactions such

as isomerization [4, 5], alkylation [5–7] and Beckmann

rearrangement [8].

Aromatic nitriles constitute a key component of

numerous commercial compounds including pharma-

ceuticals, agrochemicals, pigments, and dyes [9]. Their

utility also stems from the numerous possible nitrile

transformations, including the synthesis of benzoic

acid, amidines, imidoesters, benzamidines, amines,

heterocycles and aldehydes [10, 11]. Many important

multi-step synthetic reactions pass through a nitrile

intermediate. Examples include the synthesis of ibu-

profen and ketoprofen; two widely used pharmaceutical
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agents that have variety of uses [10, 11]. Benzonitrile is

used as a precursor for resins and coatings as well as an

additive in fuels and fibers [12]. Benzonitrile derivatives

such as Diclobenil (2,6-Diclorobenzonitrile; DBN) and

bromoxynil (buctril) have been extensively used as

herbicides [13]. Recently, Naidu and co-workers used

nitriles for the synthesis of oxadialines, which are

receiving increased attention due to their biological

activity and usefulness as intermediates [14]. Despite

the wide applicability of nitriles, their preparation is a

major concern. Aromatic hydrocarbons such as ben-

zene, phenolic compounds or phenyl ethers are cya-

nated using Cl3CCN, BrCN or mercury fulminate

[Hg(ONC)2] [15, 16]. These are special reagents and

their high cost, limited availability and low bio-degra-

dability are major concerns. Aliphatic nitriles are ac-

cessed through nucleophilic substitution reactions of

alkyl halides and tosylates with highly toxic cyanide

ions as nucleophiles [10]. Solid acid catalysts pose a

good substitute for such reactions. The ammoxidation

of alkyl aromatics has been employed for long time as a

commercial process to produce the corresponding ni-

trile. Cavani and co-workers studied the ammoxidation

of toluene to benzonitrile over transition metal modi-

fied V2O5 (yield 52%) [17, 18]. Sanati et al. reported

that the selectivity for benzonitrile formation increases

rapidly with increase in vanadia loading on zirconia and

attains a value of about 80% during the ammoxidation

of toluene [19]. Recently, Chary and co-workers re-

ported the ammoxidation of toluene to benzonitrile

over a series of supported vanadium oxide catalysts

under low and high conversions (yield 81–91%) [20, 21].

Rao and co-workers reported the synthesis of benzo-

nitrile and 3,4-dimethoxybenzonitrile using Cs–X zeo-

lite in high yield [22]. Meshram reported the

dehydration of series of aldoximes using solid acid

catalysts [23].

The hydroxyl group of a ketoxime or aldoxime is

removed by the action of a strong acid, followed by

hydrolysis and an amide is produced. This is the com-

mon Beckmann rearrangement [10, 11]. A range of

acid catalysts such as H2SO4, H3PO4, P2O5, PCl5 and

POCl3 have been used as catalysts for the reaction.

However, these are highly corrosive reagents and many

of them possess extreme affinity for water, which

makes them handling difficult. Also, the normal work-

up procedure with these reagents involves a water

quench step, which prevents them from being used

again, and subsequent neutralization leads to sub-

stantial quantities of aqueous waste. In all the methods,

the reagents are irreversibly lost leading to decreased

overall atom efficiency. Solid acids are the best alter-

native choice as catalysts for this reaction. Silica-alu-

mina [24], sulphated boria [25, 26], metal phosphates

[27], clays [28] and zeolites [29–31] have been widely

used to bring about Beckmann rearrangement.

Thangaraj and co-workers [32] and Reddy et al. [33]

have reported that titanium silicate and silicalite

exhibited a high activity and selectivity for the amide

formation in comparison with zeolites. However, most

of these studies are limited to the Beckmann rear-

rangement of cyclohexanone oxime to e-caprolactam.

We are currently working on the application of zeolites

and clays on the synthesis of fine chemicals [34, 35]. In

the present work we describe the dehydration/

Beckmann rearrangement of benzaldoxime and

4-methoxybenzaldoxime to the corresponding nitriles

and amides. Scheme 1 shows the formation nitriles and

amide during the dehydration/Beckmann rearrange-

ment of reaction.

Benzaldoxime (1a) undergoes dehydration exclu-

sively (producing benzonitrile; 2a) whereas, 4-meth-

oxybenzaldoxime (1b) produce both dehydration

(4-methoxybenzonitrile; (2b) and Beckmann rear-

rangement (4-methoxyphenylformamide; 3) products.

The difference between their performances is ex-

plained in terms of electronic factors. The activity-

selectivity results of rare earth exchanged zeolite

catalysts are also comparable to those in the existing

reports [15–21].

2 Experimental section

2.1 Materials and catalysts preparation

Rare earth exchanged zeolites were prepared by ion

exchanging Na–Y zeolite with a 0.5 M nitrate solution

(0.025 moles of nitrate/g of zeolite obtained from

Indian Rare Earths Ltd, Udyogamandal, Kerala, India)

at 353 K for 24 h, filtered, washed with de-ionized

water followed by drying at 383 K in an air oven for

12 h. These materials were then heated stepwise in

constant flow of air (60 mL/min). The temperature was

raised from room temperature to 773 K over a period

of 6 h, and maintained at this temperature for 5 h.

Finally the sample was cooled to room temperature

under ambient conditions [36, 37]. H-mordenite zeolite
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Scheme 1 Dehydration/Beckmann rearrangement of aldoximes
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was supplied by Zeolyst International, New York,

USA. K-10 montmorillonite clay was procured from

Aldrich Chemical Company, USA. Amorphous silica-

alumina was prepared by known chemical methods [38,

39]. Benzaldehyde, 4-methoxybenzaldehyde, hydrox-

ylamine hydrochloride, sodium bicarbonate, benzene

and acetonitrile were purchased from S-D-Fine

Chemicals, India and used without further purification.

2.2 Physicochemical characterization

Elemental analysis of the samples was done on a JEOL

JSM-840 A (Oxford make model No. 16211 with a

resolution of 1.3 eV) EDX analyzer. Samples were

prepared by dusting the zeolite powder onto a double

sided carbon tape mounted on a metal stub. It was then

sputter coated with a thin film of gold to reduce

charging effects and a minimization procedure was

adopted to calculate the exact metal ion concentration

[40]. The infrared induced vibrations of the samples

were recorded using a Nicolet Impact 400FT Infrared

Spectrometer using KBr pellet technique. The crys-

talline nature of the materials was established by X-ray

diffraction studies performed using a Rigaku D-max C

X-ray diffractometer with Ni-filtered Cu Ka radiation

in an angular range of 2h from 5 to 40�. Solid-state

NMR experiments were carried out over a Bruker

DSX-300 spectrometer at resonance frequencies of

78.19 MHz for 27Al, 59.63 MHz for 29Si and 79.97 MHz

for 23Na. For all the experiments a standard 4 mm

double-bearing Bruker MAS probe was used. A sample

rotation frequency of 8 kHz for 23Na, 7 kHz for 27Al

and 29Si with a single pulse excitation corresponding to

p/2 flip angle were used. The 90� pulses for sodium-23,
27Al and 29Si were 5.5, 6 and 10 ls respectively whereas

the relaxations delays were 0.5, 2 and 10 s. The assess-

ment of surface acidity was done by temperature pro-

grammed desorption of ammonia (NH3-TPD). TPD

was performed using conventional equipment with a

detector for sensing ammonia. Simultaneous determi-

nation BET surface area and pore volume were per-

formed on a Micromeritics Gemini surface area

analyzer using N2 adsorption technique at liquid

nitrogen temperature. The pore volume was calculated

up to a relative pressure of 0.9976.

2.3 Catalytic reaction procedure

Catalytic reactions were carried out in a fixed-bed,

down-flow reactor with 0.6 cm internal diameter and

30 cm height. Catalysts (700 mg) were activated for

12 h in the presence of oxygen, allowed to cool to room

temperature under a steady flow of dry nitrogen and

then heated to reaction temperature where it was kept

for 1 h before the commencement of the reaction. The

reaction mixture [5% (w/v) solution of oximes in a 1:1

mixture of benzene acetonitrile] was fed into the

reactor at a flow rate of 4 mL/h (weight hourly space

velocity (WHSV); 0.29 h–1) in presence of dry N2.

Products were collected after 2 h of reaction (TOS;

2 h) and analyzed by a Chemito GC1000 gas chro-

matograph using an SE-30 capillary column (oven

temperature 353–503 K, injector temp. 373 K, and

detector temp. 373 K). The products were further

analyzed by a gas-chromatograph-mass spectrometer

using a Shimadzu-5050 spectrometer provided with a

30 m HP-30 capillary column of cross linked 5% phe-

nylmethylsilicone. The MS detector voltage was 1 kV.

The m/z values and relative intensity (%) are indicated

for the significant peaks. (Column temperature was

between 323–533 K with heating rate of 10 K/min,

injector: 513 K and detector: 563 K).

3 Results and discussion

3.1 Physicochemical characteristics

The elemental analysis of the rare earth exchanged

zeolites showed that the aluminium content was prin-

cipally unchanged by the ion exchange procedure. The

unit cell composition of different zeolite samples is

listed in Table 1. Thermal studies on the samples show

that the parent and different rare earth exchanged

zeolite systems are highly stable at 873 K. X-ray dif-

fraction and infrared spectral studies confirm that the

zeolite framework remains intact even after chemical

treatment at moderately high temperatures during ion

exchange. Consistent with the earlier reports, the

parent as well various rare earth exchanged zeolites

crystallizes into cubic unit cell with space group F3dm.

Fourier Transform infrared spectroscopy shows uni-

form transmittance patterns for the parent and rare

earth exchanged zeolites. Rare earth exchanged zeo-

lites and Na–Y zeolite show bands characteristic of

faujasite type of zeolites in the framework region. The

spectra show major shifts in the framework vibrations

of Na–Y zeolite upon rare earth exchange as evidenced

by Table 1. IR spectra and X-ray diffraction mea-

surements showed that rare earth Na–Y zeolites are

crystalline and present well-defined structures. The

results of the MAS NMR studies on these systems are

reported in our earlier communication [41].

2,6-DMP desorption clearly shows the variation of

Brönsted acid amount with the exchange of sodium

with rare earth metal cations (Table 1). BAS amount
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of Na–Y is 0.18 mmol/g and that of CeNa–Y and

LaNa–Y is 0.74 and 0.69 mmol/g respectively. This

increase in Brönsted acidity on exchange with rare

earth cations is according to several well-established

methods of generating BAS in the pores and cavities

of zeolites. According to the generally accepted

Hirschler–plank mechanism [42], BAS are formed in

zeolites containing multivalent cations upon thermal

removal of most of the water initially present in the

pores. In the local electrostatic field, a water molecule

dissociates and proton formed together with negatively

charged oxygen framework gives a so-called bridging

hydroxyl group that is the catalytically active Brönsted

acid site. A slight decrease in the Brönsted acidity in

the case of LaNa–Y must be due to the increased

migratory tendency of La3+ cations from the large ca-

ges to the small cages and subsequent formation of

BAS that are not accessible for probe molecules. This

observation is in good agreement with the results from

silicon-29 MAS NMR and NH3 TPD studies.

Surface area and pore volume measurements of the

parent and various rare earth exchanged zeolite

samples are shown in Table 2. The data were repro-

ducible within an error limit of 5%. Surface area and

pore volume increase invariably on exchange with rare

earth cations. This increase of surface area might be due

to the decrease in the crystallite size when sodium form is

converted to the rare earth modified forms.

Table 1 Chemical composition, important framework vibrational modes, and the amount of 2,6-DMP desorbed from the parent and
different as-exchanged rare earth zeolites

Zeolite Chemical compositiona Assymetric
stretch
(cm–1)
EL or ITb

Symmetric
stretch
(cm–1)
EL or ITb

Double
ringc

(cm–1)

T–O
bendd

(cm–1)

Amount of
2,6-DMP
desorbede

(mmol/g)

Na–Y Na78.5 Al78.5 Si113.5 O384 1058 791 571 460 0.18

CeNa–Y Ce10.7 Na44.3 Al76.4 Si115.6 O384 1078 777 578 468 0.74

LaNa–Y La10.5 Na45.0 Al78.5 Si115.5 O384 1073 767 573 465 0.56

RENa–Yf La9.38 Ce1.21 Pr2.72 Nd3.10 Na27.27 Al78.5 Si115.5 O384 1074 779 577 468 0.64

SmNa–Y Sm8.1 Na52.4 Al78.5 Si115.5 O384 1073 778 579 469 0.75

a As determined by Energy Dispersive X-ray analysis
b EL, External linkage; IT, Internal tetrahedral
c D6R double ring units
d T = Si, Al
e Number of BAS as obtained from thermodesorption studies [TGAQ 50 V2.34 thermal analyzer (TA Instruments make) in presence of
nitrogen gas at a heating rate of 20 K/min] of 2,6-dimethylpyridine adsorbed samples. The amount of 2,6-DMP desorbed in the
temperature rage 573–873 K is taken as the total number BAS
f RENa–Y is a mixed rare earth exchanged zeolite with La3+ as the main counter cation and small amounts of Ce3+, Pr3+ and Nd3+

Table 2 Acid structural properties of different systems studied by temperature programmed desorption of ammonia method (373–
873 K) and surface area and pore volume measurements

Zeolite Ammonia desorbed (mmol/g) Total acid
amount

Textural properties

Wa, b Mb Sb BET surface
area (m2/g)

Langmuir surface
area (m2/g)

Pore
volumec (cc/g)

Na–Y 0.59 0.12 0.05 0.77 254 389 0.232
CeNa–Y 1.45 0.59 0.20 2.24 484 697 0.296
LaNa–Y 0.92 0.42 0.14 1.48 441 650 0.287
RENa–Y 0.70 0.68 0.46 1.83 468 684 0.291
SmNa–Y 1.21 1.09 0.34 2.64 498 712 0.302
K-10 mont. 0.55 0.24 0.13 0.92 183 304 0.204
SiO2–Al2O3 0.55 0.18 0.10 0.83 168 289 0.179

a Ammonia desorbed in the temperature 373–473 might contain very small amount physisorbed ammonia
b W, M, and S stand for weak (373–473 K), medium (474–673 K), and strong (674–873 K) acidic sites
c Total pore volume measured at 0.9976 P/P0
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3.2 Acid sites amount measurements

The acid strength distribution of the parent and various

rare earth exchanged zeolites is presented in Table 2.

The table describes the distribution of acidity in three

temperature regions of 373–473 K (week acid sites),

473–673 K (medium acid strength) and 673–873 K

(strong acid sites). Hence, NH3-TPD presents the acid

site distribution in zeolites rather than the total acidity.

Amount of ammonia desorbed by each sample varies

with the nature of rare earth cation present. All the

rare earth exchanged samples invariably show high

value of acid sites amount. CeNa–Y and SmNa–Y have

the maximum acid sites amount and parent Na–Y the

least. However, for all the rare earth exchanged zeo-

lites the amount of ammonia desorbed in the high

temperature region (673–873 K) is low.

The data on the chemisorption of ammonia in

zeolites at different temperatures as obtained from

step-wise thermal desorption is presented in Fig. 1. For

parent Na–Y and lanthanum exchanged Na–Y zeolite

the amount of ammonia-desorbed decrease gradually as

the temperature increase. For CeNa–Y, RENa–Y and

SmNa–Y zeolites there is increase in the amount of

ammonia chemisorbed at 673 K. All zeolites invariably

show higher desorption at low temperatures. This is due

to the interaction of ammonia with non-acidic or weakly

acidic sites in zeolites. The low temperature portion in

the case of rare earth exchanged zeolites. This is already

reported in the case of mordenite [43]. Hence the

number of acid sites measured by the ammonia

chemisorption at lower temperature can be taken only

as an upper limit of the acid sites in the zeolites. How-

ever, at higher temperatures (>623 K) the non-acidic

ammonia interactions are weak and hence the sites

measured by chemisorption of ammonia are expected

to be acidic ones. This part is considerably larger in

the case of rare earth exchanged zeolites compared to

Na–Y. This supports the enhancement the acid struc-

tural properties upon rare earth exchange.

According to the Sanderson’s principle of electro-

negativity equalization, the strength of BAS depends on

the nature of cation present and it decrease in the series

HLi-Y > HNa–Y > HK-Y [44, 45]. O’ Donoghue and

Barthomeuf found a decrease of catalytic activity in the

dehydration of 2-propanol at 388 K in the same order

[44]. Chen et al. interpreted differences in the amount of

strongly adsorbed pyridine molecules in zeolites HNa–

Y and HK-Y in terms of different strengths of BAS and

LAS in these zeolites, i.e., in terms of partial charges

residing at the hydrogen and aluminium atoms respec-

tively [45]. Applying the same observation, acid amount

should follow the order SmNa–Y > CeNa–Y > LaNa–

Y. Indeed acid sites amount follows the same order. The

specific influence of Ce and Sm is most likely due to the

high polarizing power and rather small size (even

though in the rare earth series size does not vary much)

compared to La, which affects the OH bond through the

lattice.

Since in the present systems, a high field shift of

silicon-29 MAS NMR signal is already observed upon

rare earth exchange of Na–Y zeolite [41], the corre-

sponding cation migration influences the number of

multivalent cations that are available for the formation

of accessible BAS during thermal treatment. Rare

earth migration into the small cages is induced by

presence of sodium cations. In rare earth exchanged

zeolites, the repulsive interactions of the sodium ca-

tions enhance the migration of rare earth cations into

small cages. The importance of repulsive interactions

for the cation distribution in the small cages of zeolite

Y was explained by van Dum and Mortier [46]. A

comparative low acid sites amount of LaNa–Y could be

due to the presence of large number of La3+ ions in the

small cages (SI’ sites) due to migration.

3.3 Dehydration/Beckmann rearrangement

of aldoximes

We have used four classes of solid acid catalysts for the

dehydration/Beckmann rearrangement of aldoximes.

They are: (1) different rare earth exchanged Na–Y

zeolites, (2) H-mordenite zeolite, (3) K-10 montmoril-

lonite clay and (4) amorphous silica-alumina. The

reactions have been studied under well-optimized

reaction conditions and conducted in a continuous down

flow type reactor operated under atmospheric pressure.
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3.4 Effect of reaction temperature

The effect of reaction temperature the reaction is

examined by performing the synthesis of nitrile or

amide at various temperatures under the reaction

conditions in the continuous mode maintaining a flow

rate of 4 mL/h of oximes (4-methoxybenzaldoxime) in

a 1:1 mixture of benzene and acetonitrile through the

reactor (CeNa–Y zeolite, catalyst loading; 700 mg,

reaction time; 3 h). The effect is presented in Fig. 2. As

the temperature increases, the conversion of oxime

increases. Formation of dehydration product increases

whereas production of Beckmann rearrangement

product (amide) decreases with an increase in the

reaction temperature. This increase is in accordance

with a well-documented observation that dehydration

increases with temperature. Amide formation via

Beckmann rearrangement requires mild temperature

conditions and presence of weak acid sites. However,

dehydration of aldoximes to corresponding nitriles

increases with temperature.

3.5 Comparison of the activities of the catalysts

The results of dehydration/Beckmann rearrangement

reactions of benzaldoxime and 4-methoxybenzaldoxime

are illustrated in Table 3. Bezaldoxime (1a) undergo

dehydration predomimentely, producing benzonitrile

(2a) as the major product in more than 90% yield.

Amide formation was not detected in the case of ben-

zaldoxime. However, 4-methoxybenzaldoxime (1b)

yields dehydration as well as Beckmann rearrangement

products i.e. 4-methoxybenzonitrile (2b) and 4-meth-

oxyphenylformamide (3) respectively. In both cases

small amounts of oxidation products are also observed.

These include; benzaldehyde and benzoic acid with

benzaldoxime; 4-methoxybenzaldehyde, 4-methoxybe-

nzoic acid and anisole in the case of 4-methoxyben-

zaldoxime. Rare earth zeolites produce comparatively

more amide with 4-methoxybenzaldoxime whereas,

amide formation was not detected in the case of ben-

zaldoxime. Among different rare earth zeolites, CeNa–

Y and RENa–Y produce more byproducts.

Both Beckmann and dehydration reactions are acid

catalyzed and has logic to correlate the activity of

different catalyst systems with their acid structural

properties. Tables 1 and 2 give an idea about the

nature of acid sites in rare earth zeolites. In general,

rare earth exchanged zeolites have greater acid

strength. It is reported that the amount of ammonia

desorbed in the medium temperature region is due to

BAS [47–49]. Zeolites have greater acid amount in the

medium strong acid region (Table 2). Hence zeolites

have relatively more number of protonic acid sites

than other catalyst systems and consequently show

better conversion of aldoximes. SmNa–Y and CeNa–Y

zeolites show maximum amount of protonic acid sites

as evidenced by 2,6-DMP desorption studies. They

also show the maximum cumulative acid amount

determined by ammonia TPD studies (Table 2).

Both the aldoximes undergo predominantly dehy-

dration reaction on these zeolites (Table 3). LaNa–Y

with its moderate acid amount values (both Brönsted

and cumulative) produce dehydration of benzaldoxime

(produce 99.5% benzonitrile) and Beckmann rear-

rangement of 4-methoxybenzaldoxime (produce 53.1%

4-methoxyphenylformamide) primarily. Na–Y zeolite

with its least acid amount produces maximum amount

of 4-methoxyphenylformamide. This is expected as the

Beckmann rearrangement requires acid centers of weak

strength. Silica-alumina and K-10 montmorillonite with

a comparative low BAS shows inferior activity towards

the reaction. A similar explanation can be given to the

increased amide formation (4-methoxyphenylforma-

mide) over the rare earth exchanged zeolites in the case

of 4-methoxybenzaldoxime. CeNa–Y and RENa–Y

zeolites produce more by-products with both the

aldoximes. These side-reaction products include benz-

aldehyde, benzoic acid (in the case of benzaldoxime)

and 4-methoxybenzaldehyde, 4-methoxybenzoic acid

and anisole (in the case of 4-methoxybenzaldoxime).
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Fig. 2 Conversion of 4-methoxybenzaldoxime and formation of
nitrile and amide as a function of reaction temperature .Solid
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These are all oxidation products and a comparative

larger formation of side products on CeNa–Y and

RENa–Y (RENa–Y too contains small amount of cer-

ium) might be due to their slight oxidation properties.

Among different zeolites, mordenite produce the least

amide (with 4-methoxybenzaldoxime). The decreased

level of Beckmann rearrangement and a corresponding

enhancement in dehydration reaction might be due to

its strong acid centers. From the above discussion, we

conclude that dehydration needs strong acid sites

whereas; Beckmann rearrangement is accomplished

over low or medium strength acid sites.

Water is produced during dehydration of aldoximes

generating water in the reaction medium. This water is

used for the hydrolysis of oximes producing aldehyde

in the subsequent stages. Hydrolysis of aldoximes

occurred mostly in the late stages of the reaction sup-

porting this observation of generation of water [25, 26,

29, 31]. Partially, the produced water may be respon-

sible for the deactivation of the catalysts as evidenced

from time on stream (TOS) studies.

To compare the performance of different rare earth

Na–Y zeolites, the dehydration/Beckmann rearrange-

ment reaction have been performed on a series of solid

acid catalysts such as H-mordenite, K-10 montmoril-

lonite clay and silica-alumina. H-Mordenite has a

bi-directional pore system with parallel circular 12-ring

channels (0.65 ·0.70 nm) and elliptical 8-ring channels

(0.26 · 0.57 nm) [50]. However, it practically functions

as unidirectional pore system as the 8-ring channels are

in effect inaccessible for most organic compounds.

Cent percentage conversion of aldoximes is observed

on H-mordenite zeolite due to its strong acid structure.

Silica-alumina does not have a regular pore structure.

K-10 montmorillonite clay is a layered alumino-silicate

with an octahedral layer sandwiched between two tet-

rahedral layers and unlike zeolites, does not have a

regular pore structure. However, the average pore size

is greater than zeolites (>1.0 nm) [51]. Both silica-

alumina and K-10 clay have very weak acid structural

properties and hence produce comparatively low con-

version of oxime. However, dehydration leading to the

formation of nitriles is the predominant reaction on

both these catalysts.

3.6 Deactivation, reusability, and heterogeneity

studies

The on stream stability of the catalyst systems were

tested by performing the synthesis of nitrile or amide

under the reaction conditions in the continuous mode

for 10 h by maintaining a flow rate of 4 mL/h of oximes

(4-methoxybenzaldoxime and benzaldoxime) in a 1:1

mixture of benzene and acetonitrile through the reac-

tor (CeNa–Y or LaNa–Y zeolites, catalyst loading;

700 mg, reaction time; 10 h). The conversion of oximes

decreases quickly with reaction time on both the zeo-

lites. Periodic checks by gas chromatography and gas

chromatography-mass spectrometer showed this

decrease in the total conversion. Figure 3 presents

the effect of TOS on the percentage conversion of

4-methoxybenzaldoxime and the selectivity for the

formation of amide over CeNa–Y and LaNa–Y. Cent

percentage conversion at 2 h of the reaction decreased

Table 3 Dehydration/Beckmann rearrangementa of aldoximes; benzaldoxime and 4-methoxybenzaldoxime: variation of catalysts

Catalysts Benzaldoxime conversion selectivity (%) 4-Methoxybenzaldoxime conversion selectivity (%)

(%) Nitrileb Amidec Othersd (%) Nitrilee Amidef Othersg

Na–Y 78.8 88.8 – 11.2 87.1 30.2 43.4 26.4
CeNa–Y 100 93.9 – 6.1 100 54.7 30.5 14.8
LaNa–Y 100 99.5 – 0.5 98.3 53.1 42.5 4.4
RENa–Y 100 95.7 – 4.3 99.7 54.5 34.3 11.2
SmNa–Y 100 100 – – 100 61.1 34.8 4.1
H-MOR 100 99.5 – 0.5 99.3 71.3 19.8 8.9
K-10 Mont 78.3 86.9 – 13.1 91.1 51.7 38.6 11.7
SiO2–Al2O3 74.0 80.9 – 19.1 90.6 39.4 37.5 23.2

a Reaction conditions: Temperature: 473 K, Catalyst loading: 700 mg, Reactant: 5% (w/v) solution of oxime in a 1:1 mixture of
benzene-acetonitrile, Nitrogen flow: 10 mL/h, Time on stream: 2 h
b Benzonitrile
c Phenylformamide
d Benzaldehyde, benzoic acid and benzene
e 4-Methoxybenzonitrile
f 4-Methoxyphenylformamide
g 4-Methoxybenzaldehyde, 4-Methoxybenzoic acid and anisole
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to 59.7% with CeNa–Y zeolite in 10 h. The corre-

sponding decrease on LaNa–Y was from 98.3 to 60.9%

(extent of deactivations were 40.3 and 38.1% respec-

tively for CeNa–Y and LaNa–Y zeolites).

A comparative fast deactivation of CeNa–Y might

be due to rather fast neutralization of its strong acid

sites. CeNa–Y has more amount of ammonia desorbed

in the high temperature domain. However, the selec-

tivity for amide formation (4-methoxyphenylforma-

mide) increases slowly from 35.5 to 58.8% in an equal

TOS on CeNa–Y zeolite (47.5 to 60.9% on LaNa–Y

zeolite). The deactivation of catalysts is generally due

to the formation and trapping in the zeolite pores of

secondary products of the reaction [52, 53] (called coke

for sake of simplification). In the present case the

deactivation of the catalyst is due to the neutralization

of acid sites (very strong interaction between the active

centers and the basic molecules) by the basic reactant

and product molecules (oxime and amide). However,

the formation of amide (Beckmann rearrangement)

increases upon deactivation. This could be explained

by considering the fact that the dehydration reaction

needs strong acid centers whereas, mild or even weak

acid sites can effect Beckmann rearrangement of oxi-

mes. This is supported by the performance of CeNa–Y

zeolite, which is more acidic than LaNa–Y zeolite and

produces more dehydration. As most of the acid sites

getting deactivated during the course of reaction by

reactants and products, the dehydration become nom-

inal and at the same time the probability of Beckmann

rearrangement increases slightly. Comparative greater

stability of LaNa–Y zeolite is due its moderate acid

amount as evidenced by 2,6-DMP thermodesorption

and TPD studies. These mild acid centers undergo slow

poisoning with basic reactants and products.

A similar trend is observed during the TOS studies

of benzaldoxime with CeNa–Y and LaNa–Y zeolites as

seen in Fig. 4. The conversion of oxime decreases with

time on both the zeolites. The activity decreases from

cent percentage to 74% for CeNa–Y and from 100 to

77.5% with LaNa–Y. Thus, CeNa–Y and LaNa–Y

underwent 26 and 22.5% deactivation in 10 h. Amide

formation was not detected during the early stages of

reaction on both the catalysts. However, it was formed

at later stages and formation of amide increase with

reaction time. CeNa–Y produces 5.3% and LaNa–Y

7.4% at the end of the reaction. As most of the acid

sites getting deactivated, dehydration becomes less

efficient, while the probability of Beckmann rear-

rangement increases. The amount of coke formed

during the reaction was 21% (±5%) after 10 h over

CeNa–Y zeolite. The coke should be composed of

reactants and various reaction products especially the

polymeric products which are trapped inside the

zeolite pores.

The variation of the reaction conversion on repeated

usage of the catalysts was checked. The Langmuir

surface area of the regenerated CeNa–Y and LaNa–Y

zeolites were 689 and 642 m2/g respectively. This value

is almost the same as that of the original zeolites

(Table 2) and this rule out any structural changes

during the catalytic reaction. When the catalyst is used
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Fig. 3 Effect of time on stream during the dehydration/Beck-
mann rearrangement reaction of 4-methoxybenzaldoxime on
solid acid catalysts; CeNa–Y and LaNa–Y zeolites. Reaction
temperature: 473 K, catalyst loading: 700 mg, nitrogen flow:
10 mL/h, flow rate: 4 mL/h, Reactant: 5% (w/v) solution of
oxime in 1:1 mixture of benzene-acetonitrile
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for the first time, cent percentage conversion of oxime

was observed on CeNa–Y, while 98.3% conversion

over LaNa–Y zeolite. However, on second usage (after

continuous extraction with DCM followed by oxidative

treatment at 773 K), the reaction conversion was 99.1

and 97.6% respectively for CeNa–Y and LaNa–Y ze-

olites. When reused for the third time 98.1 and 95.6%

conversion was obtained for the two zeolites. Deacti-

vation/regeneration results show that the solid acid

catalysts could be regenerated and reused effectively.

TOS studies show that the catalysts when fresh, deac-

tivated quickly. When some coke is deposited on the

catalyst, the rate of deactivation decreases. Since there

is no waste formation in the reaction, the E-factor must

be low and atom efficiency high. In conclusion, a sim-

ple, efficient, and highly environmentally friendly

protocol is described for the production of nitriles and

amides (in the case of 4-methoxy benzaldoxime).

We have performed studies to obtain clear evidence

for the true heterogeneity and stability of the catalytic

systems. The reaction mixture was passed through

CeNa–Y and H-MOR zeolites under standard reaction

conditions for 10 h. No aluminium was detected in the

reaction mixture by the Energy Despersive X-ray

analysis. Furthermore, aluminium was not detected

during qualitative chemical analysis of the reaction

mixture. These results strongly rule out the possibility

of aluminium leaching during the reaction.

3.7 Mechanism of the reaction

Benzaldoxime (1a, mp 308 K, syn-isomer) and

4-methoxybenzaldoxime (1b, mp 339–340 K, syn-iso-

mer) were prepared using standard procedures [54]. A

plausible mechanism for the formation of various

products is presented in Fig. 5. The oxime molecules

(1a and 1b) adsorbed to the catalyst surface are effi-

ciently protonated to give 2. Dehydration of 2 over the

catalyst surface will lead to the formation of nitriles 3.

Alternatively, migration of anti-aryl group to nitrogen

concomitant with the removal of a molecule of water

will lead to the resonance stabilized intermediate 4.

Further transformation of 4 (addition of water fol-

lowed by tautomerization) will lead to amide 5. The

difference in chemoselectivity exhibited by ben-

zaldoxime (1a) and 4-methoxybenzaldoxime (1b) is

explainable on the basis of electronic factors. We

conclude that the electron-donating 4-methoxyphenyl

group stabilizes intermediates such as 2b and 4 over 2a.

Furthermore, based on detailed kinetic analysis,

Gregory co-workers [55] have established that sub-

stituent effects (as illustrated by the linear relationship

existing between the Hammet r+ values and observed

rate constants) are important for Beckmann rear-

rangement involving aryl migration. The rate of

migration of 4-methoxyphenyl group is estimated at 3

to 4 times higher than that of phenyl groups.

4 Conclusion

In this paper a novel application of solid acid catalysts in

the dehydration/Beckmann of rearrangement aldoxi-

mes is reported. The optimal protocol allows the nitriles

and amides to be synthesised in excellent yields. Na–Y,

rare earth exchanged Na–Y, H-mordenite zeolites, K-10

montmorillonite clay and amorphous silica-alumina

have been effectively employed for the reaction.

Benzonitrile was obtained in (near) quantitative yields

by the dehydration of benzaldoxime over these catalysts.

4-Methoxybenzaldoxime gave both Beckmann rear-

rangement product (4-methoxyphenylformamide) and

dehydration product (4-methoxybenzonitrile) in high

overall yields. In conclusion, a novel procedure for

zeolites catalyzed dehydration/Beckmann rearrange-

ment of aldoximes for the synthesis of nitriles and

amides is described. Examples of highly atom economic

practical continuous mode reactions are presented by

using common laboratory down flow type reactor and

mild experimental conditions. These preliminary

results, in principle, afford an effective substitute for

the high temperature ammoxidation type reactions for

the synthesis nitriles and studies addressed towards the

extension of this protocol to other aldoximes are actually

under investigation.
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