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In order to determine the potential of acidic zeolites as catalysts in the preparation of carboxylic
esters from nitriles, faujasites, beta, and mordenite have been studied in a liquid ethanolic medium.
From the results obtained, it can be concluded that the optimum zeolite for this reaction is the less
acidic faujasite (Si/Al = 2.5). Competitive dehydration of ethanol takes place and, consequently,
the two nucleophiles ethanol and water react with the nitriles. Zeolites with the strongest acid sites
{beta, mordenite) show higher activity in a first step of the process, particularly towards amide
formation. A linear relationship between activity and acidity is established in this step for a
competitive attack of the nucleophiles. After the strong acid sites have been poisoned by the
product, the reaction is performed over the remaining less acidic free sites. A consecutive reaction
takes place leading to the ester with good selectivities (80%) over faujasites. The probable operating
mechanism involves as the first step a fast protonation of the nitrile, the rate-determining step being.

as in homogeneous conditions, the nucleophilic attack.

INTRODUCTION

The application of zeolites as catalysts
for the synthesis of fine chemicals has been
increasing rapidly (/). The use of a suitable
zeolite catalyst should lead to a better selec-
tivity of the desired compound (2) and avoid
such drawbacks as the production of large
quantities of salt by-products. The acidic
form of zeolites can catalyse any organic
reaction subject to conventional proton
catalysis.

Furthermore, nitriles are interesting re-
actants which can undergo acidic (3, 4), ba-
sic (5, 6) or metallic (7) catalysis to enhance
their reactivity in solvolysis or hydration
reactions. New processes over metallic ox-
ides have been developed (8, 9). The selec-
tivity into amide or acid depends mainly on
the nature of the catalyst.

Up to now there are only a few examples
of nitrile reactions using zeolites as cata-
lysts. For nitrile hydration, even in an alco-
holic medium, the reported examples indi-
cate only the amide formation whatever the
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nature of the zeolite, acidic (/0), basic (/1),
or zeolite-supported metal (/2). The most
striking example (/0) describes the reaction
of acetonitrile with methanol over faujasites
which leads to a mixture of mono- and dial-
kylated amides.

In homogeneous conditions very different
results are obtained. By the Pinner synthe-
sis, acid-catalyzed attack of a primary alco-
hol on the nitrile yields an imidate salt which
undergoes an acid-catalyzed hydrolysis (/3,
14). The mechanism of the hydrolysis of
imidates has been studied extensively. The
products as well as the rates of hydrolysis
have been shown to be sensitive to pH. The
typical products at low pH are ester and
amine, while amide and alcohol are the
products at high pH (/3, 15, 16). However,
in very strong acid solutions (up to 65%
aqueous sulfuric acid) the products of hy-
drolysis of methylbenzimidates (/6) have
been shown to be the corresponding N-
alkylbenzamides.

Contrary to the above results over acid
zeolites and in accordance with the results
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in homogeneous conditions, we have shown
in a preliminary study (/7) that the reaction
of benzonitrile, over acid zeolites in a liquid
medium using ethanol as solvent, gives ethyl
benzoate and benzamide. The selectivity of
the reaction depends mainly on the acidic
zeolite used, faujasite (Y), beta (8), or mor-
denite (M). For example, the ester selectiv-
ity varies from 80% over faujasites with dif-
ferent framework Si/Al ratios (2.5 to 15) to
50% over beta (Si/Al = 15) and 15% over
mordenite (Si/Al = 9) for a typical conver-
sion of 25% at 230°C.

Mechanistic studies are very scarce and
consequently the mechanism of nitrile sol-
volysis or of nitrile hydration over zeolites
is still to be established. The present paper
deals with this study using acidic faujasites.
The choice of these catalysts is determined
by a preliminary study of the activity/acidity
relationship for various zeolites character-
ized by their structure and their acidity.

EXPERIMENTAL

The Y, zeolite (faujasite, Si/Al = 2.5)
was obtained by deammoniating NH,Y
(Linde SK 41 from Unton Carbide). The Y ¢
zeolite (faujasite, Si/Al = 15) was provided
by Zeocat (ZF 515).

The B,s zeolite (beta, Si/Al = [5) was
synthesized in the laboratory according to
the method described previously (/8) and
had the chemical composition determined
by elemental analysis: 9%Si0, = 77.89,
%ALO; = 4.34, and %Na,O = 0.40.

Zeolon 100 H (Si/Al = 6.9 from Norton
Co.) was dealuminated by treatment of 8 g
in 1 M HCI aqueous solution (500 ml) for
4.5 h at 80°C to obtain a mordenite M,
(Si/Al = 9). The chemical composition was
determined by elemental analysis: %SiO, =
69.86, 7cAlLO; = 6.42, and %Na,O = 0.40.

The reactions were carried out in a 0.1
liter stirred autoclave operating in a batch
mode and equipped with a system for sam-
pling liquid during the reaction. The auto-
clave was charged with the organic reactant
together with the solvent and the freshly
calcined zeolite (calcination for 6 h at 500°C
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in air prior to use) and then heated to the
desired temperature. The general conditions
were: 2.5 g (0.4 mol.17!) of benzonitrile, 60
ml of EtOH (dried over molecular sieves),
and 1.25 g of zeolite. A study of the effect
of nitrile structure was carried out in the
same conditions with 2.5 g of Y, zeolite.
The total volume of ethanol (EtOH) and
H,O was 60 ml when water was added in the
range from zero to 2.2 ml.

The course of the reaction was followed
by gas chromatography (Delsi, Girdel 3000
apparatus with a flame ionization detector)
using an OV, column (25 m), dodecane as
external standard, and subsequent tempera-
ture programming: 55°C, 15°C min ™', 180°C.

The products were identified by GC-MS
chromatography.

RESULTS AND DISCUSSION

The reaction was performed over acidic
Y.s. Y5, Bys. and M, zeolites differentiated
by their structure and their acidity. In a lig-
uid medium, with EtOH as solvent, the
benzonitrile reaction over acidic zeolites
leads to a mixture of ethyl benzoate,
benzamide, N-ethylbenzamide, and small
amounts of benzoic acid. Ester selectivity
is defined as %ester/% products.

Before discussing the mechanism, it is
necessary to obtain a clear indication of the
relationship between the characteristics of
the zeolite and its catalytic activity in the
nitrile reaction.

1. Relationship between Activity and
Acidity of the Zeolite

Inacid-catalyzed reactions. the activity of
the catalyst will not necessarily be directly
proportional to the total concentration of
acid sites present on the catalyst as it may
also be influenced by the concentration of
acid sites with a given acid strength (19, 20).
It is widely agreed that the acid strength of
zeolites increases with the Si/Al ratio of the
framework (2, 2/). Moreover, the distribu-
tion of the strength of the acid sites varies
with the structure (22-24). For example,
Climent ¢t al. (22) have stated that TOF
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TABLE 1

Initial Rate of Benzonitrile Disappearance at 230°C,
in General Conditions, as a Function of the Number of
Strong Acid Sites (Desorption Temperature of NH; >
350°C)

30

I
o

Zeolite  Si/Al  eq H" g! ry X 108
x 10 (mol liter ' st g™h
Y 2.5 0.115 6.7
Y 15 0.160 1.0
B 15 0.292 13.0
M 0.452 26.0

values for 8 zeolites are in general slightly
higher than those for dealuminated Y zeo-
lites indicating that 8 has stronger acid sites
than dealuminated Y zeolites.

This is emphasized by the study of the
acid strength distribution of the sites of the
zeolites evaluated by temperature pro-
grammed desorption of NH; . Table 1 shows
the number of strong acid sites per gram of
catalyst or eq H* g~ ! for sites which retain
NH; at temperatures greater than 350°C.

In the reaction of benzonitrile over the
various acid zeolites, at 230°C, the same
behaviour is observed. The reaction can be
broken down into two steps. During the first
step, the relatively fast disappearance of the
nitrile is accompanied by ester and amide
formation. In the second step, the rate of
nitrile disappearance diminishes, and the
amide concentration shows a rapid stabiliza-
tion while the ester concentration varies lin-
early with time. A relative deactivation of
the catalyst takes place, more probably re-
lated to poisoning of the strong acidity than
to diffusional constraints of organic com-
pounds inside the channels of the zeolite. In
fact, the same scheme is obtained for the
large pore tridirectional faujasite, beta zeo-
lites and for the unidirectional mordenite.
Table 1 and Fig. 1 show that a good correla-
tion is obtained between the initial rate of
nitrile disappearance (r,, first step) and the
number of strong acid sites.

Our results fit well with differences in the
acid strength distribution in terms of the
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FiG. 1. Correlation of the initial rate of nitrile disap-

pearance (mol liter~'s ™' g~ ) with the number of strong

acid sites (meq H™ g™ ").

structure of the catalyst, particularly if we
compare the results for the two Y and 8
zeolites with the same Si/Al ratios. The fau-
jasites with different Si/Al ratios exhibit
practically the same activity, due to the re-
lated number of strong acid sites in the two
catalysts with regard to the requirement of
the reaction.

The effect of temperature upon nitrile re-
activity has been studied (see Fig. 2 and
Fig. 3). Figures 3 and 4 show the effect of
temperature for the less acidic Y, 5 zeolite.
By increasing the temperature from 230 to
250°C, the first step appears more clearly. It
seems that deactivation of the Y, zeolite

% ester

Time ( hours}

FiG. 2. Effect of the temperature on ester production:
(@) 200°C, (%) 230°C, and (+) 250°C, in general condi-
tions, over Y, s zeolite (1.25 g).
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F1G. 3. Example of ester production over Y, ; zeolite
(2.5 g). T = 250°C. in general conditions: (@) %benzo-
nitrile. ( x ) Sethylbenzoate, and () %benzamides.

occurs later. It is known that in the case of
molecules of different polarity, changes in
the relative adsorption can be dramatic. Ni-
trile, ester, acid, ethanol, and amide have
increasing basicities with pK, values rela-
tive to water of —10, —7.4, =7, -2, and
— 1.5, respectively (25). During the reac-
tion, ammonia is produced. However, satu-
ration can be reasonably imputed to the ba-
sic amide with a higher boiling point than
the more basic ammonia (26 ). Moreover, we
do not observe saturation by NH; of the Y, s
zeolite, even when the conversion is high
(80%). This specific interaction of amide
with Brgnsted acid sites has been noted for
acrylamide over acid hydroxyl sites of
MnO, (9).

The thermal effect leads to a weakened
interaction between acid sites of the Y,
zeolite and the products and, consequently
to a lower saturation of the catalyst. For
the other acidic zeolites, even for the Y s
zeolite, the same desaturation effect is not
observed.

This effect of temperature on the activity
of the zeolites shows the influence of the
strong acidity on the two-step profile of the
reaction. Under the circumstances the dis-
tribution of the acidity of the zeolite is of
prime importance.
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It has been shown that nitrile reactivity
depends mainly on the strong acidity of the
catalyst. In the first step of the process, re-
activity is enhanced by strong acidity but,
in the second step, after a rapid saturation
of the strong acid sites by the formed amide,
the ester synthesis is performed on the
weaker free sites. Then, it is shown that the
selectivity in the zeolite-catalyzed reaction
depends on the step under consideration.

A1 250°C (Fig. 4) when deactivation of the
Y, 5 zeolite occurs later, reaction selectivity
does not vary with conversion nor with ni-
trile concentration. This observation leads
to the conclusion that, in the first step, the
two possible nucleophiles EtOH and H-O
attack the nitrile in competitive reactions.

At 230°C (Fig. 5) the change in reaction
selectivity is the effect of the ester growth
when amide concentration appears con-
stant. Initial ester selectivity 1s evaluated
from initial slopes of ester and amide forma-
tion. Initial selectivity in ester, 60, 27, and
13%, respectively,overY, 8, and M zeolites,
reflects the activity of the catalyst toward
ethanolysis or hydration of benzonitrile. In
the second step, the ester can be obtained
from the amide, in a consecutive scheme, on
the weakest acid sites (Scheme 1).

% selectivity

w
o

25

0

0 50 % conversion

F1G. 4, Ester selectivity as a function of nitrile con-
version over Y, zeolite, T = 250°C: (+) {Nit] = 0.4
mol liter ', m Cat = .25 g; (O) [Nit] = 0.4mol ™!, m
Cat = 2.5 g; and (A) [Nit] = 0.8 mol liter™', m Cat =
2.5g.
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F1G. 5. Ester selectivity as a function of nitrile con-
version over Y. zeolite, T = 230°C: (@) [Nit) = 0.2
mol liter ~%; (+ )} [Nit] = 0.4 mol liter ~'; (&) [Nit] = 0.8
molliter ', m Cat = 1.25 g; () [Nit] = 0.4 mol liter ',
m Cat = 2.5 g and (x) over By zeolite and (J) over
M, zeolite in general conditions.

The solvolysis of benzamide and the es-
terification of benzoic acid over the same
zeolites have been studied and compared
with ester formation from nitrile. In the sec-
ond step of the process, when the amide
concentration appears constant ({Am] < 0.1
mol liter ™), the former reactions are easier
than the latter one (Table 2). The overall
zeolite-catalyzed ester process seems kinet-
ically controlled by the conversion of benzo-
nitrile into benzimidate or benzamide in a
possible competitive nucleophilic attack by
EtOH or H.O on the substrate. Alterna-
tively, ester can be obtained by a consecu-
tive reaction of the alcohol on the amide or
the acid preliminary formed (Scheme 1).

We observe (Table 2) that the relative or-

Benzonitrile
EtOH H,0

L H,0 N
Benzimidate ———- Benzamide

H0 H

EOH

Ethyl Benzoate Benzoic acid

SCHEME |
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TABLE 2

Initial Rate of Substrate” Disappearance at 230°C

Zeolite —|d{Am)idi], —[d|Aclidil, —I[dINitl/dr),
x 10° x 10° x 107
(mol liter " (mol liter™'  (mol liter !
s g s g s g h
Yo 1.5 10.7 13.0
Brs 0.7 7.7 5.0
M, 0.15 4.6 2.8

“ In the liquid phase. substrate = benzamide (Am).
benzoic acid (Ac), at 0.1 mo! liter~! concentrations
and benzonitrile (Nit) at 0.4 mol liter ! with (mass
substrate)/(mass catalyst) = 2.

der of catalyst activity obtained for ester
production in a liquid alcoholic medium is
the same whatever the reactant, be it amide,
acid or nitrile. This noticeable result over
Y, s can be related to the lower water con-
centration over less acidic zeolites. It is
known that ester production, at high tem-
peratures, can be limited by reaction of etha-
nol to ethene and water (27).

The mechanism of the nitrile reaction has
been studied over faujasites, which give the
better selectivity for ester.

2. Reaction Mechanism over Y Zeolites

The effect of various parameters such as
water or nitrile concentration and substitu-
ent effect on the aromatic ring have been
studied. In the overall process it has been
shown that the benzimidate or amide forma-
tion is the limiting change (Scheme 1, Ta-
ble 2).

At 230°C, it can be considered that the
concentration of added water (0 < [H,O]
mol liter ™! < 2) has no effect on the ob-
served rate for the Y, s and the Y s catalysts
(Fig. 6). It is acknowledged that the compet-
itive dehydration of ethanol over acid fau-
jasites proceeds easily, giving olefin and wa-
ter. In excess water, the rate law is pseudo-
zero-order in H,O and in EtOH. Therefore,
it cannot be concluded whether the reaction
fits the Langmuir-Hinshelwood or the
Eley-Rideal mechanism.
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F1G. 6. Y%ester formation over Y s zeolite as a func-
tion of added water, T = 230°C, [Nit] = 0.4 mol liter *':
(@) in ethanol, (+) with 1.1 ml H,O, and ( x ) with S ml
H,0.

Table 3 shows the effect of nitrile concen-
tration on the initial rate over Y, zeolite.
In general conditions, r, is first order for the
two steps of the reaction for 0.2 < [Nit], mol
liter ' < 0.8, then, the results can be fitted
to the rate law,

r = kOxi»
9_\'“ = )\Nn[Nlt]/D,
D = A[Nit] + A [p] + A ls],

where Nit = nitrile, p = products, s =
EtOH, H,O: Ay, . A,, A, = adsorption con-
stants for nitrile, product and solvent, re-
spectively; [Nit], [ p], [s] = concentrations
for nitrile, product and solvent, respec-
tively.

In the first step,

A Lplis small, A [s] > Ay, [Nit],,
therefore,
Onic = Anid Nit]y/cte,
with cte = A [s], and ry = k,(Ay;/cte)[Nit],,
ry = k,JNit]g.

From the results in Table 3, £y, = 2.1 X
103 s 'g ' (r = 0.991). In the first step, it
has been verified that the observed initial
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rate of nitrile conversion varies with the
weight of catalyst at 230°C (not shown) and
at 250°C (Figs. 2 and 3). This result indicates
that, for this reaction which requires strong
acidity, diffusion limitations are avoided.

In the second step, there has been forma-
tion of amide and ammonia: A,[p] > A [s].
the rate law would be described by the same
equation but with saturation of the catalyst
by the products:

r = ki(Ayi/cte)Nit],
with cte = A [p],

r = ki JINitl].

From the results in Table 3, &k, = 3.3 X
107%s7 1 g~ (r = 0.999). The effectiveness
of the Y, 5 zeolite is divided by 6.

Nevertheless, in this phase of the reaction
no effect due to the weight of catalyst is
observed, in accordance with a higher ad-
sorption and a lower diffusion rate of
benzamide. The study of the substituent ef-
fect on the aromatic ring on nitrile conver-
sion shows this influence of amide basicity.

The effect on reactivity of a change in
reactant structure is a good tool for elucidat-
ing the reaction mechanism.

In the case of nitriles, this effect was in-
vestigated with para-substituted benzoni-
triles at 250°C (Fig. 7) and 230°C (Fig. 8).
Secondary reactions with p-NO, benzoni-
trile prevent the study of this compound at
these temperatures. For all substituted com-

TABLE 3

Rates of Nitrile Conversion over Y, < Zeolite for the
Two Steps of the Reaction as a Function of Benzonitrile
(Nit) Concentration at 230°C

(Nitl, ro X 10° rox 107
(mol liter %) (mol liter ! (mol liter !
s gl s lgh
Ist step 2nd step
0.2 22 5.8
0.4 6.7 13.0
0.8 16 25.8
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Fi1G. 7. Effect on reactivity of the change in nitrile
structure over Y, s zeolite, T = 250°C. in general condi-
tions: (@) benzonitrile. (+) p-OCH; benzonitrile, ()
p-OH benzonitrile. (C) ethyl benzoate, (x} ethyl-p-
methoxy-benzoate, and (A) ethyl-p-hydroxy-benzoate.

pounds, a decarboxylation reaction takes
place, especially at 250°C. The correspond-
ing substituted aromatic hydrocarbons
(chlorobenzene, phenol, anisole) are ob-
tained (28).

It is clear, particularly at 250°C, that no
effect of para substitution is observed in the

5 10 15

Time { hours)

FiG. 8. Effect on reactivity of the change in nitrile
structure over Y, s zeolite, T = 230°C, in general condi-
tions: (@) benzonitrile, (+) p-OCH; benzonitrile, (A)
p-OH benzonitrile, () p-Cl benzonitrile, (O) ethyl
benzoate, (x) ethyl-p-methoxybenzoate. (&) ethyl-p-
hydroxybenzoate, and (M) ethyl-p-chlorobenzoate.
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SCHEME 2

first step of the reaction. It can be consid-
ered that electron donating to the reaction
centre favours the heterolysis of the CN
linkage but hinders the formation of the new
bond with the nucleophile. Bond breaking
is approximately as important as bond mak-
ing in the rate-determining step, and substit-
uents have an effect on both processes in
opposite directions (Scheme 2) (/4). This
result agrees well with the mechanism of
acid-catalyzed hydration of nitriles in homo-
geneous conditions (3).

When the reactant functions as a nitrogen,
sulphur or oxygen base, it seems likely that
its protonation will usually be so rapid as
not to be rate-determining (29). Thus, acid
catalysis of nitrile hydration proceeds gen-
erally by a first rapid protonation step. The
nucleophilic attack would in all probability
be rate-determining (30). Possibly the best
interpretation for the rate-determining step
is a concerted process in which nucleophilic
attack by water on the protonated nitrile, in
asecond step, is coupled with deprotonation
by another water molecule in a consecutive
step (Scheme 3).

The mechanism for nitrile reaction over
acidic zeolites implies an equilibrium be-

ArCN + H* =" [ ArC'=NH s==ArCm=N"H |

ArC/
~ N

OH,"

ArC’=NH + H,0

NH NH
= =
arc? + H,0 ArC(

OH," OH

+ H;0°

SCHEME 3
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tween the reactant and its conjugate acid at
the surface of the catalyst. The correlation
between the initial rate and the number of
strong Brgnsted-acid sites (Fig. 1) is consis-
tent with a steadily increasing proportion
of the protonated nitrile. The adsorption of
nitriles on zeolites has been studied. The
polarity of the CN bond results in a strong
interaction, with the hydroxyl groups of the
zeolite, readily detectable by IR spectros-
copy (371). However, in homogeneous con-
ditions, extensive protonation of nitriles oc-
curs only in pure sulfuric acid (32). Attack of
the nucleophile proceeds on the protonated
nitrile adsorbed onto the catalyst leading to
a transition state with a delocalized charge.
Before desorption faster ethanolysis or hy-
drolysis can take place, leading to the prod-
ucts ester and amide (Scheme 4).

Alternatively, another molecule of water
or ethanol can operate for catalyst regenera-
tion (Scheme 2). These results emphasize
the similarities that exist between zeolites
and liquid acids (33).

Various studies on ester or amide hydro-
lysis. by an A2 mechanism. are in agreement
with the above result. Thus, as for the acid-
catalyzed hydrolysis of esters, substitution
in the mera and para positions of benzamide
has only a small effect on the rate regardless
of polarity (29), lending further support to
the mechanism suggested in heterogeneous
catalysis.

In the second phase, the conversion is
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enhanced for para-substituted nitriles (Fig.
8). Para substitution of aromatic com-
pounds by electron-withdrawing substitu-
ents (Cl) lowers amide basicity and, there-
fore, the adsorption constant on the
Brgnsted acid sites. The contrary is known
for electron-donating substituents (OCH,,
OH). For p-OH and p-OCH; benzamides it
can be considered that adsorption by the
hydroxy! or the methoxy group lowers the
basicity of the amide and hence, the deacti-
vation of the strong acid sites of the zeolite
by the formed amide diminishes. The forma-
tion of the ester is enhanced over the Y, s
catalyst.

There exist different routes to N-alkyl
carboxyamides. In most of the reactions,
a carboxylic acid is converted to a more
reactive intermediate, e.g., the ester, which
reacts with an amine. At this stage of our
knowledge we consider that N-alkyl amides
are obtained, by a consecutive way, from
the acid or the ester (34) and N-alkyl
amines. These amines can be formed in an
acid-catalyzed process from the evolved
ammonia and ethanol (35).

CONCLUSIONS

In the present work we have shown that
acidic faujasites permit the one-pot synthe-
sis of ethyl esters from nitriles in liquid etha-
nolic medium. A good correlation is ob-
tained between nitrile reactivity and strong
acidity evaluated by thermodesorption of
ammonia. The reaction is broken into two
steps. In a first step, catalytic activity is
proportional to the strong Brgnsted acidity.
The reaction is first order with respect to
nitrile and zero order with respect to ethanol
and water concentration. Competitive at-
tack of the two nucleophiles takes place. In
a second step inhibition of nitrile reactivity
by the amide is effective depending on the
acid strength distribution of the zeolite. A
consecutive pathway for ester formation is
proposed. Taking into account these results,
we have shown that the more effective zeo-
lite for ester production with good selectivi-
ties is the less acidic Y, ; catalyst. The study
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of the mechanism indicates that, as in homo-
geneous conditions, the rate-limiting step is
the nucleophilic attack on the protonated
nitrile. The conversion depends mainly on
the amide structure and, consequently on
the nitrile structure.

10.
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