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The hydrolysis of acetonitrile has been studied theoretically by
different ab initio methods (RHF, DFT, and MP2). Two Brønsted
acid catalysts have been compared: zeolite and HCl(H2O)x= 2,1 clus-
ters. Some interesting analogies have been found for the reaction
path catalyzed by these different acids, especially in the hydration
transition state. The size and the configuration of a zeolite clus-
ter model have an important influence on predicting the reaction
mechanism. The van der Waals interactions also play an important
role in this reaction. Due to these interactions, oxygen atoms of the
zeolite cavity can stabilize charged species as N- and O-protonated
acetamide configurations. For the zeolite catalyst, the rate-limiting
step of the overall reaction is the hydration of acetonitrile. On the
other hand, in the hydrochloric acid catalysis, the rate-limiting step
is either the hydration or the isomerization step. Acetamide appears
to be the most stable species adsorbed on zeolite and it is responsible
for poisoning the reaction. c© 2000 Academic Press

Key Words: ab initio; hydrolysis; Brønsted acid site; zeolites;
water molecule.
1. INTRODUCTION

Lately, increasingly stringent environment constraints
have led to a significant effort in new industrial routes and
catalyst design and application. However, current industrial
processes for organic acid synthesis are known to be en-
vironmentally unfriendly. The majority of these processes
is based on the oxidation of alkylaromatic compounds as
toluene, ethylbenzene, and xylenes (1). One example is the
production of terephthalic acid, which ranks about 25th in
tonnage of all chemicals and 10th of all organic compounds
together with its dimethyl ester (2).

A less explored alternative for the production of such
acids is the hydrolysis of nitriles, which is a well-established
catalytic procedure in acidic and basic media and has been
continuously used in many organic chemistry lab classes
(3). Another interesting point is that nitriles appear in
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industrial-waste stream (4); therefore it is necessary to de-
velop new processes to solve this problem.

The nitrile hydrolysis reaction proceeds via a succession
of four steps: protonation of nitrile, water nucleophilic at-
tack, protonation of amide (product of the first hydration),
and finally second water nucleophilic attack (3). Thus, the
complete process requires two water molecules as reactants
(Scheme 1).

Different catalysts have been employed to promote this
reaction. Manganese oxide (5), unactivated alumina (6),
high-temperature water (4), Pd(II) (7) and dirhenium com-
plexes (8), hydroxylated zirconium dioxide (9), copper-
nickel alloys (10), hydrotalcite-like materials (11), ionic
copper, and copper oxide (see a review on hydration/
hydrolysis reaction (12)) are few examples.

Even enzymatic hydrolysis has been getting more and
more attention in this particular field due its very high stere-
oselectivity and use in a wide range of substrates (13). This
has led to a development of a large-scale industrial pro-
cess for production of acrylamide from acrylonitrile (13c).
Unfortunately, enzymatic processes are not economically
competitive in most of the cases.

A new class of Brønsted acid catalysts, protonic zeolites,
has been recently developed, based on so-called first gener-
ation Brønsted acids (aqueous solution of hydrochloric and
sulfuric acid (14)), and employed for hydrolysis of diverse
molecules (15). Interestingly, the nitrile hydrolysis has been
studied as a side reaction of the formation of ethyl esters
from aromatic nitriles on different zeolites (15a).

The first Brønsted acid catalyst studied here is protonic
zeolite. This catalyst is modeled by “3T”, “4T”, and “5T”
clusters. Several other zeolite-catalyzed reactions have
been successfully studied theoretically. The activation of
C–H and C–C bonds (16), the study of methanol reac-
tions in zeolites (17), and interaction studies between the
Brønsted acid sites and chemical species (18) are a few ex-
amples.

The other Brønsted acid catalyst is hydrochloric acid.
This catalyst is modeled by the HCl(H2O)x= 2,1 cluster, the
so-called “homogeneous model.” A similar homogeneous
0



F
HYDROLYSIS O

SCHEME 1. Hydrolysis of acetonitrile.

approach has also been used before in theoretical studies
of hydrolysis of isocyanates (19), of β-Lactams (20), and
of parent carbodiimides (21). In this model, one of the wa-
ter molecules is a nucleophile, while the other represents
a solvent. The second water molecule also acts as a basic
molecule, which is a homogeneous analogue of basic oxy-
gen atoms of the zeolite. This methodology is very useful in
understanding and comparing the reaction mechanisms in
the zeolite cluster model.

Our aim is to compare these two different Brønsted acid
catalysts—protonic zeolites and hydrochloric acid in ace-
tonitrile hydrolysis.

Acetonitrile (An) has been chosen as a model for sim-
plicity (small nitrile molecule). Its size and structure are
evocative of typical reactants in zeolitic-catalyzed reactions
(17, 22). Furthermore, acetonitrile has also been widely
used to probe the Lewis and Brønsted acidity of zeolites
(18a, 18e, 22d, 23).

The paper is organized as follows: first, adsorption of
acetonitrile is studied and then the hydrolysis mechanism
is considered. For a better understanding, the reaction
is divided into three distinct steps: hydration, isomeriza-
tion (tautomerization), and desorption of product (see
Scheme 2). Water ancillary and product poisoning effects
are discussed along all reaction paths.

2. METHODS

In this work, different cluster fragments were used to
model the Brønsted acid site: 3T (H3SiOHAl(OH)2OSiH3),
4T (H3SiOHAl(OSiH3)2OH), 5T (“4Tring” plus OSiH3

group) for zeolite and HCl(H2O)x, in which x changes from
1 to 2. In the zeolite models, the Al center has two or three
adjacent oxygen basic atoms, which are necessary for hy-
drogen bonding with OH and NH groups (24).

The 3T model was used to study the adsorption of ace-
tonitrile and acetamide. The 4T model is shown to be
needed in the hydration mechanism study, even though
the 3T cluster could also be used with some configuration
changes. For the isomerization study, larger clusters, which
SCHEME 2. First step of the hydrolysis.
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have two adjacent acid sites, were necessary. Later more
details about this extra site requirement are provided.

H termination of the Si group has been chosen instead
of OH termination to avoid problems such as intramolecu-
lar hydrogen bond formation, which results in the creation
of a nonacceptable model (25). Clusters provide qualita-
tively interesting results with activation energies typically
10 kJ/mol higher than those for extrapolated bulk zeolite
reactions. The use of such clusters has been extensively dis-
cussed elsewhere (24, 26).

All the calculations have been performed using two dif-
ferent types of basis sets with polarization functions: D95
Dunning/Huzinaga full double −ζ (27) (for Cl, Si, Al, C,
N, H) and 6-311G (for the O). For studies of methanol and
ammonia in zeolites, such combination of double and triple
−ζ plus polarization function type has been successfully
employed with 3T or bigger models (28). Large basis sets,
at least double −ζ type, have been shown to be necessary
for good accuracy in energy and physical properties (29).

Restricted Hartree Fock (RHF), density functional the-
ory (DFT), and second-order Møller-Plesset perturbation
theory (MP2) have been used in this study. RHF calcula-
tions were used to save computer time and to obtain initial
guesses for the other calculations. MP2 is used to correct
the RHF geometry and energy in our systems for small sys-
tems. For small zeolite clusters (3T and 4T), MP2 was used
only to correct the RHF energy (single-point calculations).
Neither MP2//RHF nor RHF was used for the 5T model.

DFT calculations were performed because they include
some electron correlation and it scales much better than the
previous MP2 method (29). The hybrid B3LYP functional
was used, which gives acceptable values for molecular en-
ergies and geometries (30, 31). A comparison of all three
methods is provided in this paper.

The results were obtained with Gaussian94 (32) and 92
(33) packages. The DFT calculations using the 92 version
were performed using Int=FineGrid keyword (which is a
default on the 94 version) (34) to avoid numerical inaccu-
racies in the energy and gradients calculations. The hybrid
B3LYP functional was used in our work as implemented in
Gaussian94 (32) or 92 (33) codes.

For RHF and DFT calculations, all the stationary points
(transition states and geometry minima) were verified by
frequency calculations. These tests produce no imaginary
frequencies for local minimum and one imaginary fre-
quency for transition states (first-order saddle points) (35).
The computation of Hessian matrix within MP2 framework
requires large resources; therefore the DFT geometry and
Hessian are used as initial guesses, which are updated ac-
cording to MP2 forces.

RHF and DFT energies were also corrected using zero-
point energy (ZPE). The basis set superposition error
(BSSE) was verified for DFT and MP2 (“homogeneous

model”) using the counterpoise method (36). Although our
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calculations involve more than two molecules, the N-body
counterpoise method (37) was not applied completely. For
most of the cases studied here, such procedures become
very expensive. For example, 22 calculations and 125 cal-
culations are required for the 3-body system and for the
4-body system, respectively. Instead, the 3-body method
was applied to one system (4T model plus acetonitrile plus
water). To complement the BSSE investigation, the 2-body
method was applied in five different cases, such as HCl
plus water, acetonitrile plus water, acetonitrile plus HCl,
4T model plus acetamide, and 5T model plus intermediate.
On average, the BSSE contents (in percentage) for these in-
teraction energies were 21.2 and 27.9, respectively, for DFT
and MP2 (only for the binary systems of the homogeneous
model). These values are in agreement with recent studies
of BSSE for H-bonded complexes (38). Even though these
values are not negligible, the BSSE was not corrected but
simply verified in our results (see also recommendations in
previous specific studies on this subject (36, 37)).

No symmetry constraints have been used for most of the
configurations studied (all exceptions are described in the
text). For deprotonation energy calculations the 5T model
has been used with some constraints to prevent unrealis-
tic configurations, which were found in the optimization of
the full-relaxed 5T models. Since MP2, RHF geometries
are quite similar to DFT in most of the cases, the latter ge-
ometries are shown in all figures and tables. RHF and MP2
energies are shown only when it is necessary.

3. RESULTS AND DISCUSSION

3.1. Adsorption of Acetonitrile

Figure 1a shows the computed acetonitrile adsorption
complex using the 3T model. This configuration indicates
that An forms a hydrogen bond with the Brønsted site
through a nitrogen lone pair. This optimized structure is
similar to that previously found by Hall et al. (23) and
Florian and Kubelkova (22d). The angles O(3)–H(8)–N and
C(18)–N–H(8) are less than 180◦. In (23) the angle C(18)–
N–H(8) was found to be 161.3◦ and in (22d) it is equal to
175.6◦, while our results (see Table 1) show values of 172.9
and 162.8◦ for the DFT and RHF methods, respectively.
The homologous angle in the HCl(H2O)2 model is C(9)–
N–H(6) and its value is 161.4 and 163.3◦ for the DFT and
RHF methods, respectively, which is in a good agreement
with the previous values.

The distance between the Brønsted site and acetonitrile
is 1.75 and 1.73 Å (for the DFT method) for the zeolite and
the HCl(H2O)2 models, respectively. One can note that ace-
tonitrile has a similar position for both Brønsted acid cata-
lyst models studied. All these results are also in agreement
with the rules developed for gas-phase hydrogen-bonded
dimers (39), where it has been found that the nonbonding

pair interacts with acidic protons.
VAN SANTEN
FIG. 1. (a) Acetonitrile and zeolite model. (b) Acetonitrile and
HCl(H2O) model. (c) Acetonitrile and H3O+(H2O) model.
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TABLE 1

DFT Optimized Geometries for Various Systems (DFT/B3LYP)

Zeolite model

HCl(H2O)x model Cluster and
Cluster and acetamide (4T)

Cluster and acetonitrile
acetonitrile Cluster (3T) (3T) Ac1 Ac2

Al–O(3) — 1.94 1.92 — —
Si–O(2)–Al — 156.4◦ 153.7◦ — —
Si–O(3)–Al — 114.9◦ 118.9◦ — —
O–H(8) — 0.96 0.99 — —
N–H(8) — — 1.73 — —
O(3)–H(8)–N — — 174.1◦{168.4◦} — —
C(18)–N–H(8) — — 172.9◦{162.8◦} — —
H(8)–O(3)–Si — 117.6◦ — — —
H(8)–O(3)–Al — 127.4◦ — — —
Si–O(3)–Al–O(4) — 6.25◦{6.87◦} — — —
O(24)–O(3) — — — — 2.52
N–O(2) — — — 2.93 2.85
N–O(3) — — — 2.71 —
N–H(6) 1.75 — — — —
C(9)–N–H(6) 161.4◦{163.3◦} — — — —
n
Note. All distances are in angstroms (Å) and a

The cluster model geometry is also comparable with ear-
lier reported results. For instance, the distances Al–O(3)
and O(3)–H(8) were calculated to be 1.98 and 0.98 Å by
Gale (24), 1.94 and 0.95 Å by Sauer (28a), and 1.94 and
0.96 Å in this work for the DFT method. Following the pre-
vious comparison, the model angles also behave similarly,
H(8)–O(3)–Si and H(8)–O(3)–Al are 117.5 and 107.6◦ in
(24) or 120.0 and 132.0◦ in (28a) and 117.6◦ and 127.4◦ in
this work, respectively (see Table 1). The average value for
the angles between the T atoms, Si–O(3)–Al and Si–O(2)–
Al, is 135.7◦ in this work. These values are in good agree-
ment with the experimental values found for ZSM-5, which
range from 147.1 to 158.8◦ in a monoclinic framework and
from 144.9 to 175.9◦ in an orthorhombic framework (40).

The spatial positions of Si, O(3), Al, and OH groups show
an interesting phenomenon. The dihedral angle between
Si, O(3), Al, and O(4) in our studies is 6.25◦ for DFT (see
Table 1) and 6.87◦ for RHF, which means that these atoms
are almost in the same plane. This distortion has not been
found in a real zeolite frame; thus it might be a source of
important differences.

To verify a possible influence on our results, calcula-
tions of acetonitrile adsorption and deprotonation energy
were also performed using some geometric constraints in
the cluster model. The first idea is to fix the position of the
Al atom, nonbridging oxygen, and SiH3 groups as found
in faujasite. The other idea is to fix only the nonbridging
oxygen and SiH3 groups.

The resulting deprotonation energies for all models (with

traints) can be found in Table 2. Our results
gles in degrees. {RHF} values.

do not significantly change and are in a good agreement
with previously calculated and experimental values (41).
Therefore, the geometry differences found in our model
have only a small influence on the results.

One remark should be made about the value of the ad-
sorption energies found in this study (using the full op-
timized 3T cluster), which are 51.9 and 54.7 kJ for DFT
and MP2//RHF calculations, respectively. Comparing these
values to the experimental result of 80 kJ/mol (for HY)
(42), one concludes that our zeolite model does not rep-
resent completely the real zeolite environment for ace-
tonitrile adsorption. Cluster models do not contain any
stabilizing effects that result from the van der Waals in-
teractions of acetonitrile with zeolite cavity oxygen atoms.
The energy difference between cluster calculations and ex-
periment agrees with data on the adsorption energy of ace-
tonitrile in siliceous zeolites, which show values between
30 kJ/mol (43) and 60 kJ/mol (44).

The interaction energy between acetonitrile and HCl
(without water molecules) has also been calculated to be
22.4 kJ/mol for the DFT method. This value is around half
that previously found for the zeolite model. However, when
two water molecules are added to the model, this energy
increases to the value of 85.3 kJ/mol, which is similar to
the experimental value for the zeolite. This water addition
strengthens the acidity of the HCl cluster model in the gas
phase.

In all of our calculations acetonitrile is not protonated
by the zeolite cluster. Even when this protonated geomet-

ric configuration was employed as the initial structure, the
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Fig. 2b
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TABLE 2

Deprotonation and Adsorpion Energies (DFT/B3LYP) for Various Methods and Models (kJ/mol)

Acetamide adsorption energy
Deprotonation Acetonitrile

Model used energy adsorption energy Ac1 Ac2 Ac3

3T—2-dimensional 1301.4 −47.5 −44.4 −85.4 −14.1
{−42.6} {−26.7} {−61.2} {+30.6}
[−54.7] [−53.9] [−97.3] [−24.2]

3T—2-dimensional with constraints 1268.6 −59.8
(Al, SiH3, OH)

3T—2-dimensional with constraints 1280.6 −51.9
(SiH3, OH)

3T—3-dimensional 1331.0 —
4T 1287.3 −49.9 −44.9 −90.2 −11.2

{−26.2} {−68.3} {+37.1}
[−56.3] [−94.7] [−19.9]

5T with constraints 1304.2
Experimental values for zeolites 1139–1204 (41a) 80 (42)
HCl(H2O)x= 2,1,0 model — 22.4, x= 0

85.3, x= 2
Note. {RHF} value and [MP2//RHF] value.

proton migrates back to the cluster. This agrees with the
interpretation of infrared spectra studies of acetonitrile ad-
sorbed on zeolites (18a,e, 22d) and has also been observed
before in different types of calculations (23, 45).

Zeolites also cannot protonate p-nitrotoluene and
p-fluornitrobenzene (30). These molecules are considered
bases with Ho at the border of super-acidity, indicating that
zeolites do not have a super-acidity character. This result
was also confirmed by the NMR study of carbenium forma-
tion (46), where zeolites appeared not to be stronger than
80% sulfuric acid solution. A similar result has been found
for hydrochloric acid, because our model is still far from
the real state of hydrochloric acid in solution (see Fig. 1b).
When H3O+ is used as a proton donor (47a), acetonitrile in-
deed becomes protonated, see Fig. 1c. H3O+ is a better pro-
ton donor than HCl in the gas phase. Similar proton strength
dependency was also verified by Kazansky et al. (47b,c).

3.2. Hydration Step

Our first attempt to calculate the reaction path using the
3T model has failed. The so-called “2-dimensional model”
has only two adjacent oxygen atoms (see Fig. 1a), which
do not seem to be enough to accommodate both reac-
tant molecules: An and water. However, this problem was
overcome when the 3T model with a different geometry
was used. This new configuration, so-called “3-dimensional
model,” has three oxygen sites (Fig. 2a). The drawback of
this model is the existence of two nonequivalent oxygen
sites: O(4) and O(2)/O(3). To check the influence of this
inequality, a 4T model, which is the previous model with
OSiH3 group replacing one OH group, was also used (see
).
Comparing these two models, one can see that the acti-
vation energy values and final geometries of the transition
states (Ts1–3T and Ts1-4T) for the hydration step are in
good agreement (Table 3 and Figs. 3a and 3b). However,
the inequality of oxygen atoms O(4) and O(3) in 3T clus-
ter influences the reaction energy, since different Brønsted
sites are formed during the reaction (see Table 3).

Similar transition states have been found for both ze-
olite and HCl(H2O)2 cluster models, compare Figs. 3a,b,
and c. The C–O distance, represented by C(18)–O(23) and
C(9)–O(3), decreases to 1.82 and 1.92 Å for these clusters,
respectively (see Table 4). N–C–O angle, represented by
N–C(18)–O(23) and N–C(9)–O(3), becomes closer to the
final result: 118.9 and 113.8 Å, respectively. These geometric
values represent the nucleophilic attack and the formation
of a C–O single bond.

Hall et al. (23) proposed transfer of the proton from
zeolite to An with its bending, where the C hybridiza-
tion changes from sp to sp2. This seems to agree with the
found transition state (Figs. 3a,b, and c), where the triple
bond character in C–N disappears. The values of C–N bond
lengths (represented as C(18)–N and C(9)–N) and C–C–N
angle (represented by C–C(18)–N and C–C(9)–N) can be
compared in the Table 4.

Lasperas et al. (15a) proposed a mechanism for the hy-
dration step on protonic zeolites, in which the nucleophilic
attack by water on protonated acetonitrile is coupled with
a proton transfer to another water molecule. However,
Sugiyama et al. (5), using manganese dioxide to hydrolyze
acrylonitrile, suggested that proton transfer, which restores
the active sites (OH groups on the surface), occurs by
back donation from the nucleophile agent. Both ideas are

analogous to our reaction path, in which all transition states
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FIG. 2. (a) Acetonitrile, water molecule, and 3T model (3-dimen-
sional configuration). (b) Acetonitrile, water molecule, and 4T model.

show that a water molecule is a nucleophile agent and
source of protons simultaneously. Moreover, all transition
states found also describe a concerted mechanism for the
hydration.

In the HCl(H2O)2 cluster system, the second water
molecule stabilizes the transition state, as previously ver-
ified by the authors elsewhere (47a). Hydrogen H(5) is do-
nated to Cl, which a is stronger Lewis base than a water
molecule. Applying the same analysis to the zeolite cluster,
one can see that hydrogen is not back-donated to the same

oxygen site. Instead, it goes to another one, which is also a
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strong Lewis base. Although the proton donation follows
a different path, both systems behave similarly. The non-
solvated HCl has a reactivity similar to that of the protonic
zeolite.

The ancillary effect of water molecules has also been
studied by adding an extra water molecule into the zeo-
lite model. In this case, the extra water molecule acts as a
bridge for the back donation (see Fig. 3d—Ts1-4T-1w).

However, it is important to note that a simple difference
between the activation energies of these two systems, with
and without the extra water molecule, can lead to misinter-
pretation. This misinterpretation occurs due to the stabiliza-
tion energy of reactants, which was not taken into account
in this calculation (47a). Therefore, it becomes necessary to
calculate only the stabilization energy (1Est(Ts)) and the
stabilization free energy (1Gst(Ts)) of the transition state,
which is described by

1Est(Ts) = E(Ts1//(n+ 1)w)− (E(Ts1//(n)w)

+ E(water)). [1]

E(Ts1//(n+ 1)w) is the calculated energy of the transi-
tion state configuration with (n+ 1) water molecules and
E(water) is the calculated energy of one isolated water
molecule. This energy difference is shown in the Table 3.
1Est(Ts)< 0 means the hydration transition state is stabi-
lized by this extra water molecule. Interestingly, the stabi-
lization effect found here, about 30 kJ/mol for the DFT
method is not pronounced compared to previous work
(47a), in which this stabilization was 60 kJ/mol for the DFT
method.

This process is not favorable (its 1Gst(Ts)> 0) since the
addition of an extra water molecule creates a steric hin-
drance for acetonitrile, which can be seen by comparing the
dihedral angle between the atoms N, O(4), Al, and O(23) in
the Ts1 and Ts1-(3/4T)-1w (see Table 4). The higher devia-
tion from the coplanarity, the lower the stabilization energy.
The active species are not in the best position to overlap
their orbitals.

None of these results predicts the stepwise mechanism
commonly verified in aqueous acid solution (3), which
corresponds to a fast protonation followed by the nucle-
ophilic attack. Only calculations with the H3O+(H2O)2 clus-
ter show that acetonitrile is directly protonated (47a).

However, this activation energy is higher than that for
the stepwise mechanism (see Table 3). Since the stepwise
activation energy is only water nucleophilic attack energy,
the proton donation energy is the main factor for the high
barrier found for the concerted mechanism. Subtracting the
activation barrier energy found for the H3O+(H2O)2 model
from the one for zeolite and for the HCl(H2O)2 model, this
proton donation energy for the concerted process can be
calculated. This energy has the same magnitude for both

Brønsted acid catalysts (zeolite or HCl(H2O)2 models) and
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TABLE 3

Energies for Hydration Step (DFT/B3LYP), in kJ/mol

Models

H3O+(H2O) Zeolite Zeolite Zeolite
Step HCl(H2O)2 (47a) 3T model 4T model 5T model

Hydration
Heat of reaction

MP2 45.9, 37.6a 39.8 22.8
DFT 7.0, 6.3a 22.5 3.5

Activation energy
MP2 116.7 25.1 111.2 104.3
DFT 78.2 3.2 75.9 70.9

Ancillary effect of water
1Est(Ts)–DFT −32.5 −26.5
1Gst(Ts)–DFT 2.5 8.6

Calculated energies for isomerization step (DFT/B3LYP), in kJ/mol

H3O+(H2O) Zeolite Zeolite Zeolite
HCl(H2O)2 (46a) 3T model 4T model 5T model

Isomerization
Activation energy

2 : syn-isomer
MP2 22.7
DFT 13.5

syn : anti-isomer
RHF 91.5 95.5
MP2 — 102.7
DFT — 84.9
Uncatalyzed (DFT) 82.6

anti-isom : acetamide
RHF −0.50 157.4
MP2 — 126.8
DFT — 109.2
Uncatalyzed (DFT) 120.1

syn-isom : acetamide
MP2 −67.3 4.72b

DFT 88.4 −3.80b 10.5
a This reaction forms the protonated form of acetamide.
b Reaction heat corresponded to syn-isomer.

The first product of the hydration of acetonitrile is not
is approximately 90 and 70 kJ/mol for MP2/RHF and DFT
methods, respectively.

In the case of Zn-exchanged zeolite (48), acetonitrile is
activated by zinc ion (Lewis acid) and not by proton trans-
fer. For the preferred reaction path, the activation energy
for hydration (nucleophilic attack) is 25.8 kJ/mol. In a dif-
ferent path using the same catalyst, the value of the acti-
vation energy increases to 66.2 kJ/mol, since acetonitrile is
protonated. One can conclude that the key of the hydration
step is the activation of the reactants, mainly acetonitrile.

Analyzing the activation energy values, both zeolite and
HCl(H2O)2 models predict a lower energy than the exper-
imental value, 127.3 kJ/mol (14d). DFT, in some cases, un-
calculated energies (24, 29, 49) and activation
energies (50). MP2 values, in most of the cases found here,
have a larger difference in comparison to DFT. This differ-
ence can be caused by two different factors. For the zeolite
model MP2 energies are calculated from the geometries
obtained at the RHF level (single-point calculations), and
for both models the basis set used in our calculations is
not large enough to describe correctly the MP2 energy of
hydrogen-bonding complexes, as has been recently shown
in (51).

3.2.2. Isomerization of the Intermediate
acetamide (Ac), but an intermediate molecule (hydroxy
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FIG. 3. (a) Transition states of the hydration reaction found using 3T model (3-dimensional configuration)—Ts1-3T. (b) Transition states of the

hydration reaction found using 4T model—Ts1-4T. (c) Transition states of the hydration reaction found using HCl(H2O) model—Ts1. (d) Transition

r
states of the hydration reaction found using 4T model with one extra wate

imine) that changes into acetamide. This intermediate has
been identified in a number of previous studies, such as on
unactivated alumina (6), on Pd(II) (7) and dirhenium (8)
complexes, on zinc-substituted zeolites (48), hydrochloric
acid (47a), and protonic zeolites (23). This intermediate
molecule has four different isomers (Fig. 4a). Each of them
differs simply from others by rotation of an OH or NH
group. The latter transformation is the most difficult, since
it is a rotation of a double bond. The equilibrium constants

for the isomerization in gas phase among all configurations
molecule—Ts1-4T-1w.

were calculated using the following expression:

298K o = exp(−1298Go/(RT)). [2]

All these values are available when the zero-point energy
is computed by Gaussian 94 code (32).

The equilibrium constant values suggest that the config-
uration 4 (anti-isomer) is more stable than the other iminol
isomers in the gas phase (see Table 5). This anti-isomer is

also the most stable form among the isomers of formamidic
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TABLE 4

Optimized Geometries for the Hydration Transition State (DFT/B3LYP)

Zeolite model HCl(H2O)2 model

Ts1-3T Ts1-4T Ts1-3T-1w Ts1-4T-1w Ts1 Experimenta

N–H(8) 1.11 1.11 1.13 1.11 —
N–H(6) 1.10
C(18)–N 1.20 1.20 1.20 1.20 1.27
C(9)–N 1.20
O(3)–H(24) 1.66 1.69 1.72 1.73 —
O(2)–H(25) 1.66 1.69 1.74 1.77 —
Cl–H(5) 2.18 —
C(18)–O(23) 1.82 1.88 1.76 1.79 1.36
C(9)–O(3) 1.92
N–C(18)–O(23) 118.9◦ 117.8◦ 118.6◦ 117.6◦ —
N–C(9)–O(3) 113.8◦

C–C(18)–N 141.5◦ 143.7◦ 139.1◦ 140.2◦ — —
C–C(9)–N
N–O(4)–Al–O(23) 0.99◦ 0.00◦ −17.9◦ −24.3◦ — —

Note. All distances are in angstroms (Å) and angles in degrees.

a Refers to experimental values in Å (48); C–OH, from acetic acid; C==N, from methyleneimine.
acid. However, formamide is more stable than this isomer
by 47.0 kJ/mol at MP4//MP2/6-311++G(2d, 2P) (52). Both
results are in complete agreement with our results (see
again Table 5). Our equilibrium constant for tautomerism
is also in good agreement with other examples, such as
the equilibrium constant found for the tautomerism of
9-acridamine into 9(10H)-acridinimine (53). The value
found was 0.787 (RHF) and 0.107 (DFT) at 298 K.

TABLE 5

Relation between Intermediate Isomers and Acetamide,
Energies in kJ/mol

Relative energy
Configuration to syn-isomer Equilibrium constants (298K◦)

DFT MP2 DFT MP2

syn 0.0 0.0 syn→ 2 syn→ 2
0.284 0.176

2 +3.2 +4.4 2→ 3 2→ 3
4.32 10−3 3.19 10−3

3 +17.0 +19.0 anti→ 3 anti→ 3
5.34 10−6 2.17 10−6

anti −13.3 −11.9 Ac→ anti Ac→ anti
1.65 10−12 1.69 10−11

Relative energy Proton affinity

to syn-isomer NH2 C==O

Acetamide (Ac) −76.5 −71.9 RHF −803.8 RHF −884.5
DFT −812.7 DFT −869.3
MP2 −821.8 MP2 −864.2

Proton affinity

NH3 DFT MP2

−865.4 −866.2
For the HCl(H2O) model configuration 2 is the product
of acetonitrile hydration (see Scheme 3). This is not a stable
configuration, therefore it isomerizes into acetamide in sev-
eral steps. Initially, this isomer changes into an syn-isomer
by simple C–OH bond rotation, which requires low activa-
tion energy, 13.0 kJ/mol (see Table 3). The next step is to
transform syn- into anti-isomer by C==NH bond rotation.
At last, anti-isomer tautomerizes into acetamide.

Using the RHF method all steps could be calculated
(see Scheme 3a). The isomerization-limiting step is the for-
mation of syn-isomer, which needs high activation energy,
118.9 kJ/mol. In the case of the tautomerization step, it
happens without activation energy (a negative value was
found after ZPE correction—see Table 3). A similar re-
sult is obtained using DFT and MP2 methods, but the tau-
tomerism occurs directly from syn-isomer (see Scheme 3b).
All attempts to optimize the anti-isomer configuration using
the latter two methods resulted in the acetamide configu-
ration. This result was expected, because the equilibrium
constant between these two isomers is far more favorable
to amide (see Table 5). Previously the authors have found
the same result studying different proton donor catalysts
for the tautomerism reaction (47a). Finally, the isomeriza-
tion on HCl(H2O) model occurs in two steps: the rotation
of C–OH bond and tautomerization, which happens simul-
taneously with the C–NH rotation.

The 3T zeolite model demonstrates deficiency in pre-
dicting the isomerization transition states, because of the
problems mentioned previously. Instead, the 4T model de-
scribes the isomerization by two different reaction paths
(see Scheme 4). The first idea is very similar to the “homo-

geneous model” reaction path (see Scheme 4a). However,
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FIG. 4. (a) Different isomers of the intermediate. (b) Isomerization

and tautomerization transition states. (c) Anti- isomer and 4T model (this
is not an optimized geometry).
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there are few differences, and the main one is that the hy-
dration product is not configuration 2, but a syn-isomer.
Therefore, this path has only two steps: formation of anti-
isomer and tautomerism. Both transition states require
high activation energy, 84.9 and 109.2 kJ/mol for isomerism
and tautomerization, respectively (for the DFT method,
see Table 3). Surprisingly, the tautomerism barrier is
even higher than the hydration activation energy (see
Scheme 4a).

Another interesting point is that these two processes are
very similar to the uncatalyzed ones (see Fig. 4b). The tran-
sition states have similar optimized geometry, as well as
the activation energies, 82.6 and 120.1 kJ/mol for isomerism
and tautomerization, respectively (see Table 3). The zeolite
model does not influence the mechanism, since neither NH
nor OH groups have been activated by the catalyst model
in the transition state.

However, the tautomerism can be assisted by water mole-
cules. This proton transfer assistance has been observed
for other different molecules, such as N-nitrobenzene-
sulfonamides (54), isocyanates (19), β-lactams (20), and
carbodiimine (21). An acillary effect was also studied by
the authors previously in the same reaction on different
catalysts (47a, 48). This synergetic effect can reduce the ac-
tivation energy up to 100 kJ/mol, favoring the tautomerism.

The anti-isomer could also adsorb in a different manner.
The NH group instead of the OH group interacts with the
Brønsted site (see Fig. 4c). In this case, all our attempts
resulted in the acetamide configuration, similar to the “ho-
mogeneous model” result. The NH group seems to be very
reactive, accepting the proton easily. In all these cases, ac-
etamide is the final configuration.

The second idea is to start again from syn-isomer. In this
case, this molecule desorbs from the Brønsted site to re-
adsorb in a different configuration, so-called N configura-
tion (see Scheme 4b). The new configuration differs from
the initial one by the H-bonding group: NH (N configura-
tion) instead of OH. As mentioned before, the NH group
is very reactive; thus its protonation occurs with very low
barrier energy, or even no barrier (the DFT calculation
corrected with ZPE gives a negative value). This config-
uration is the protonated acetamide. The intermediate is
the first step for the amide hydrolysis as described in pre-
vious studies (54, 55), which means that hydrolysis may
result directly in carboxy acid. However, protonated in-
termediate configuration is not stable in this model. Even
after fixing the NH group in the N–H(9)–O(3)–O(2) and
the N–H(8)–O(2)–O(3) planes, this configuration was not
obtained, regardless of the method used. There are two
different effects occurring simultaneously. The first is that
the 4T model geometry is distorted when the proton is do-
nated (see Fig. 5a). The SiH3 group moves up and creates
a repulsive interaction with the protonated molecule. This

destabilizes the system, shifting the configuration back to
the neutral molecule (later another example of this effect
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SCHEME 3. (a) RHF energy diagrams—hydrolysis on HCl(H2O)x cluster models. (b) DFT and MP2 energy diagram—hydrolysis on HCl(H2O)x

cluster models.
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SCHEME 4. (a) DFT and MP2//RHF energy diagram—hydrolysis on 4T model. (b) DFT and MP2//RHF energy diagram—hydrolysis on 4T

model. (c) DFT energy diagram—5T model.
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will be shown). The second effect explains the instability
of the protonated molecule. The cluster approach does not
take in account the stabilization effects produced by van der
Waals interaction of the positive charged molecule with the
zeolite cavity oxygen atoms.

The model size was increased to a 5T configuration (Si/
Al= 1.5), which is composed by one 4T ring plus an OSiH3

branch. Even though this model has one more Brønsted
site than the 3T and 4T models, the acidity of all these zeolite
models is quite similar, see Table 2. Our aim was to study
the protonation of the group NH, avoiding the geometric
distortions that occurred with the use of the 4T model. In
this case, only DFT calculations were done, see Scheme 4c.
A similar result was obtained, except that the activation
barrier was not negligible as before: 10 kJ/mol (see Table 3).
The protonated intermediate is also not stable; however, the
previous constraints used for the 4T model resulted in a final
optimized geometry, which had no negative frequencies.
Although this approach avoids the geometric distortions,
the model is still far from the real zeolite system.

3.2.3. Amide Desorption

Despite the fact that the most favorable isomerization
path does not form acetamide directly but possibly its
nated form, three different configurations for ac-
Continued

etamide adsorption were studied. These configurations dif-
fer by changing the H bond between acetamide and zeolite
model (see Fig. 5b). The first structure is called configura-
tion Ac2, in which both CO and NH2 groups interact with
the cluster model. However, the main H bond is between
CO and the Brønsted site. The second configuration (Ac1)
has only an NH2 group interacting with the Brønsted site.
The last configuration (Ac3) is the N-protonated form of
acetamide.

Ac2 is the most stable acetamide configuration. The en-
ergy difference between Ac2 and Ac1 is about 40 kJ/mol
(see Table 2), regardless of the method and cluster model
used. This configuration stabilization is in line with the idea
that the higher number of hydrogen bonds formed, the
more stable the adsorbed species (56).

Ac2 requires higher desorption energy compared to ace-
tonitrile, thus indicating that it is a potential inhibitor for
acetonitrile hydrolysis. This poisoning effect has been pre-
viously observed in experimental studies, such as in ethyl
ester synthesis from aromatic nitriles on acid zeolites (15a)
and in the liquid phase hydration of acrylonitrile on man-
ganese dioxide catalyst (5).

The desorption of Ac2 can be promoted by the reactants,
restoring the catalytic cycle (Scheme 5). Both reactants de-
crease the energy needed for Ac2 desorption by 50 kJ/mol.

However, the process is still endothermic.
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FIG. 5. (a) 4T model problems. (b) Different configurations of acetamide adsorption on 4T model (Ac1 and Ac2). (c) Ac3 configuration of
e
acetamide on different cluster models (3T model and 4T model. (d) Differ

This promoted desorption is better illustrated by using
a Zn-exchanged zeolite to catalyze the nitrile hydrolysis
(48). Water and acetonitrile can displace acetamide from
the active site (Zn2+) in a exothermic process.

For Ac1 configuration (Fig. 5b), nitrogen from the NH2

group interacts with the zeolite proton. At the same time,
one of the zeolite oxygen atoms forms another H bond
with the same NH2 group. Although this configuration has
two H bonds, both bonds are weaker than those for the
Ac2 configuration (compare the distances O(24)–O(3) and
N–O(2) in Ac2 to N–O(3) and N–O(2) in Ac1, Table 1).

This bidentate configuration is very similar to the ammo-

nia bidentate configuration (55); however, in the latter case
nt configuration of acetamide on HCl(H2O) model.

nitrogen is protonated by the zeolite cluster. Interestingly,
the methyl group of acetamide moves away from O(4)H (3T
model) and OSiH3 (4T model) groups, see Fig. 5b for the
4T model, to avoid a repulsive interaction between these
cluster groups and acetamide molecule.

Ac3 (the protonated Ac1 form) forms three hydrogen
bonds with the cluster (Fig. 5c). The protonation energy
(difference between Ac3 and Ac1 adsorption energies)
has positive values, 57.3, 29.7, and 30.3 kJ/mol for RHF,
MP2//RHF, and DFT methods, respectively (using either
the 3T or the 4T model), which indicates an endothermic
process. Moreover, the Ac1-binding energy (see Table 2)

has a very low value (about 10 times less) compared to
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that previously calculated for different organic amines and
ammonia, which ranges from 145 kJ/mol for ammonia to
230 kJ/mol for 2-methylpyridine (18b). Both results indicate
that the NH2 group from acetamide is not a good proton
acceptor.

Two remarks are necessary about the latter results. First,
the RHF method shows results quite different from those of
DFT and MP2//RHF, thus indicating that electron correla-
tion is recommended for calculating for charged species.
Second, the 4T cluster model was partially constrained
ogen atoms from all SiH3 groups were frozen in
tial position) for the DFT calculation. These con-
straints prevented the repulsive effect of the OSiH3 group,
which moves up (Si–O–Al angle becomes close to 180◦) and
pushes acetamide molecules away during the optimization
process. Without those constraints, the final configuration
obtained was the Ac1 configuration. However, this effect
has not been observed for the 3T model, because the OH
group has less volume than the OSiH3 group. This effect is
equal to that previously observed in our study of the iso-
merization mechanism.

To complement this study, the proton affinity of C==O and

NH2 of acetamide was compared, since there are two pos-
sibilities of acetamide protonation: N and O protonation.
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the zeolite cavity can stabilize charged species as N- and O-
SCHEME 5. Desorption of ace

This affinity is calculated by subtracting the neutral mole-
cule energy from its protonated form energy:

Paffinity = Eneutral molecule − Eprotonated molecule. [3]

The C==O group has higher proton affinity than the NH2

group. This affinity is even comparable to the value of am-
monia (see Table 5). Previously, different studies, such as of
ketones adsorption (22 g) and aromatic amides hydrolysis
(57) on zeolites, showed that the C==O group interacts di-
rectly with the cluster proton. Combining both results, one
can conclude that acetamide will certainly be O-protonated
on zeolites, which agrees with the current proposed mech-
anism of acid-catalyzed hydrolysis for regular amides (e.g.,
acetamide) (54).

For the HCl(H2O) model, the energy difference between
the two possible acetamide configurations, which are ho-
mologous to Ac1 and Ac2 configurations (see Fig. 5d), is
not large. This difference has the following values, 4.9 and
5.8 kJ/mol for MP2 and DFT, respectively. Therefore, ac-
etamide has no preference for interacting with the different
HCl(H2O) model configurations.

4. CONCLUSIONS

The hydrolysis of nitriles has been studied theoretically
by different ab initio methods (RHF, DFT, and MP2). Two
Brønsted acid models have been compared: zeolite and
HCl(H2O)x= 2.,1 clusters. Both catalysts are found to behave
similarly. For example, acetonitrile prefers to adsorb with-
out protonation on both models, demonstrating that the
zeolite is not a super acid, since experimental studies have
shown that acetonitrile can be protonated in a super-acid
SO3H–SBF5–SO2 solution (58).
amide promoted by the reactants.

The hydrolysis reaction can be divided in three well-
defined steps: hydration, isomerization of the intermedi-
ates, and desorption of acetamide. The hydration mecha-
nism is very sensitive to the acid strength. In strong acid,
the protonation occurs without barrier, thus the mecha-
nism of hydration follows a stepwise pathway. In the case of
both Brønsted acids studied here, a concerted mechanism is
preferred.

The isomerization pathway depends on the catalyst. For
the “homogeneous model,” this mechanism has more steps
than for the zeolite model, such as rotation of C–OH bond,
rotation of C–NH bond, and tautomerism. However, the
zeolite catalyst leads to two different paths. One forms ac-
etamide directly, the other forms its O-protonated config-
uration, which is the first step for acetamide hydrolysis.
This path seems to be preferred, since low activation en-
ergy is required and it can lead directly to the carboxy acid
formation.

Acetamide can be adsorbed in three different ways on ze-
olite cluster. The most stable configuration (Ac2) has higher
desorption energy than acetonitrile and it may certainly poi-
son the catalytic site. However, this desorption energy can
be reduced by displacing acetamide with either water or
acetonitrile, which restores the catalytic cycle.

For the zeolite catalyst the overall rate-limiting step is the
hydration since the isomerization step is assisted by water
molecules and the displacement of acetamide from the cata-
lytic site is promoted by the reactants. On the other hand,
the overall rate-limiting step in the homogeneous case is
either the hydration or the isomerization step.

The van der Waals interactions play an important role
in this reaction. Due to these interactions, oxygen atoms of
protonated acetamide configurations.
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