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Abstract

We report here the results of our modeling studies and cluster calculations on the spirolactone to enone conversion
reaction over zeolite catalysts. The structural role and the interaction energy introduced by the zeolite framework in this
reaction are studied. The shape selective catalytic behavior of various zeolites are rationalized by comparing the dimension
of the molecules and zeolite pore diameter. It is observed that the spirolactone and enone molecules have dynamic freedom
to hop among the various sites inside the supercage of Zeolite—Y. The abstraction of proton at Bronsted acid site by ketonic
oxygen of the reactant has been indicated as the first step in the reaction mechanism. The interaction energy of the molecules
with the framework cluster and the electron redistribution occurring in the reactant molecules due to adsorption are brought
out. These results are useful to understand the mechanism of the dehydration of spirolactones to form enones. © 1997

Elsevier Science B.V.
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1. Introduction

The acyclic enones are important intermedi-
ates in the total synthesis of natural products
and complex organic molecule [1-3]. The acid
catalyzed intra molecular transformation of
spirolactones over methanesulphonic acid —
P,O; mixture is the conventional procedure
[4,5]. The difficulties in working up and the

* Comesponding author. Fax: +81-22-2366839; e-mail:
chatt@tniri.go.jp.

requirement of a large excess of the acid reagent
are the drawbacks of the procedure. Recently,
there has been reports wherein hazardous cata-
lysts are replaced by environment-friendly zeo-
lite catalysts for organic reactions [6—-8). In this
background, Pillai and co-workers reported the
application of various zeolite catalysts for the
title reaction [9]. It was shown [10] that large
amount of zeolites were required to adsorb all
the reactant molecules for the successful con-
version and the product could be obtained only
by removal from the catalyst after the reaction
using methanol.
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Fig. 1. The 3D structure of spirolactone and enone molecules, as
derived from force field calculations.

In the present study, we apply computer sim-
ulation techniques to model the spirolactone to
enone conversion. The structural relations be-
tween the spirolactone and the zeolite voids
have been analyzed by molecular graphics and
fitting techniques, which other wise need to be
determined by tedious experimental studies. The
success of conversion of specific spirolactones
(1-5) shown in Fig. 1 over zeolites with differ-
ent pore architecture is analyzed. The reasons

for the requirement of ‘stoichiometric’ quantity
of zeolites are probed. The mechanism of inter-
action of reactant and product molecules with
the zeolite framework cluster models is studied
by theoretical quantum chemical calculations.
The interaction energy between the organic
molecules (1-10) shown in Fig. 1 and the zeo-
lite H-Y host lattice are studied to understand
the mechanism of conversion reaction.

2. Methodology

The equilibrium geometry of the reactant and
product molecules shown in Fig. 1 were ob-
tained by force field calculations developed by
Gelin and Karplus [11]. The total strain energy
of the molecule is expressed by the following
equation:

Etotal strain E bonded + Enon — bonded (1 )

where

E\onded = Epond length T E\ o angle T Esinedral angle

+ E,

improper torsion (2 )

Enon —bonded Eelectrostatic +E Vander Waals (3)

The respective expressions used to calculate the
individual terms are given in our earlier studies
[12]. The visualization and calculations of en-
ergy were performed using Quanta/CharmM
software packages distributed by Polygen Cor-
poration, U.S.A.. The strain energy of the
molecule was minimized as a function of geom-
etry by the Steepest Descent method to elimi-
nate initial bad contacts and then later by the
Conjugate Gradient and Newton—Raphson
methods.

The H-Y lattice was modeled from the struc-
ture reported by X-ray crystallographic studies
[13]. The semi-empirical quantum chemical
method using AM1 Hamiltonian [14] is adopted
to perform the cluster calculations using the
AMPAC code (QCPE Program No. 539).
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3. Results and discussion

3.1. The importance of the void dimensions in
zeolites

The reactant and product molecules were
shown as molecular graphics pictures. Their
3-dimensional equilibrium conformations corre-
sponding to the minimum strain energy were
obtained with well-established force field meth-
ods [11] and their realistic 3-dimensional con-
formations are shown in Fig. 1. Breck [15] had
initiated a convention of reporting the kinetic
diameter of a molecule as the intermolecular
distance at the closest approach of two
molecules. Recently, there are phenomenal ad-
vances in molecular graphics techniques. Hence,
more accurate information regarding the size,
namely the three largest dimensions of the
molecules could be provided. Assuming that the
molecules are exactly fitting inside a smallest
possible rectangular box, the dimensions of the
molecules are the dimensions of the box (Fig. 2)
as shown in Table 1. In Table 1, the dimensions
of the intermediates (11-15) formed from the
reactants (1-5) according to the proposed mech-
anism in Scheme 1 are also included.

Table 1

Fig. 2. The three largest dimensions of the molecule as used in the
molecular fitting procedures. Spirolactone (1) is shown as a
typical example. Shaded circles, large empty circles and small
empty circles are respectively oxygen, carbon and hydrogen atoms.

The product molecules (6—10) are of similar
or smaller dimensions than the reactant
molecules (1-5). It is convention to neglect the
largest dimension of the molecule, since the
molecules can diffuse into the channels and
cages with their largest dimension lying parallel
to the channel axis. The intermediate molecules
have more conformational flexibility. In gen-
eral, the intermediates occupy more space and
have less strain energy. In contrast, the product
molecules occupy less space with more strain
energy. In Table 1, we report the strain energy
due to bonded and non-bonded interactions. The

Total strain energy and dimensions of various molecules at their minimum energy configuration. The number of molecules are as assigned
in Fig. 1, 11 to 15 are the intermediates formed from the spirolactones 1 to 5, respectively, according to the mechanism shown in Scheme 1

Molecule No. of atoms Dimension (A) Strain energy (kcal /mol)
total bonded nonbonded
1 22 7.00 X 4.25 X 4.00 15.7889 21.5913 —5.8035
2 25 7.00 X 4,25 X 4.25 6.4875 10.2886 —3.8035
3 29 7.50 X 5.50 X 5.50 20.8836 21.8529 —0.9693
4 32 7.50 X 6.00 X 6.00 19.8921 248102 —4.9182
5 35 7.75 X 5.65 X 5.65 8.5793 12.3631 —3.7837
11 22 6.25 X 5.25 X 5.00 2.1288 14.2986 —12.1699
12 25 7.25X5.25x5.25 —10.9613 2.0318 —12.9931
13 29 7.00 X 5.50 X 5.50 17.1363 25.7821 —8.6458
14 32 7.00 X 5.75 X 5.70 5.0534 15.5062 —10.4528
15 35 8.25 X 5.85 X 5.85 —5.5627 3.9035 —9.4662
6 19 6.50 X 4.50 X 4.50 17.8080 19.9514 —2.1435
7 22 6.00 X 4.65 X 4.65 15.6723 15.6289 0.0434
8 26 6.75 X 5.10 X 5.10 27.7583 30.1872 —2.4270
9 29 7.10 X 5.50 X 5.50 21.7622 24.8070 —3.0447
10 32 8.00 X 525x%x5.25 21.7622 17.8135 0.7447
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analysis of the individual contributions of vari-
ous bonded and non-bonded terms to the strain
energy of these molecules were discussed in our
earlier report [16]. Non-bonded energy arises
from electrostatic and Van der Waals interac-
tions. Favorable and unfavorable non-bonded
term arises due to the attraction between polar
groups with unlike charges and repulsion be-
tween polar groups with like charges respec-
tively. Here we bring out the point that the
bonded energy terms are unfavorable, while the
non-bonded energy terms are favorable as indi-
cated by almost zero or negative values. Com-
pared to the reactants, intermediates have favor-
able non-bonded energy and products have un-
favorable non-bonded energy. Thus, relatively
unfavorable non-bonded energy for product
molecules indicate the presence of positively

charged groups in the molecule. These results
indicate that the positive charges in the
molecules have ionic interaction with the oxy-
gens of the zeolite framework, which could lead
to their stronger adsorption inside the zeolite
void volumes. The reactant and intermediate
molecules have both positive and negatively
charged atoms/groups. This is in correspon-
dence with the experimental finding [10] that
the final product had to be solvent extracted
after the reaction.

The pore diameters of various zeolites are
known from the reported crystal structures [17].
It is possible to study the fitting of different
molecules in several zeolites. The product yields
of enones over different zeolites obtained in the
experimental study [10] are given in Table 2.
The yields of enones (6-10) over various zeo-
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Table 2

The yield of various enones over different zeolites [10]. (Tempera-
ture = 150°C, time = 6 h, amount of catalyst = 5.0 g, amount of
substrate = 0.5 g, solvent = hexane)

Catalyst Yield of enones (mol%)

©) @) ® ) (10)
H-ZSM-5 69 61 0 0 0
H-ZSM-12 79 68 0 0 0
H-Beta 77 70 52 58 56
H-EMT 84 78 64 66 68
H-Y 92 95 90 89 86

lites which are listed in Table 2 could be ratio-
nalized from the pore diameters of the zeolites.
H-ZSM-5 has 2D channels with diameters of
51 A and 54 A, while H-ZSM-12 has 1D
elliptical channel of diameters 5.7 Aand 59 A
H-Beta has 2D channels with diameters 6.5 A
and 7.5 A. H-EMT and H-Y has large super
cages with elliptical (7.1 A x 7.4 A) and circu-
lar (7.4 A) windows respectively opening into
the supercages. These results are illustrated in
Fig. 3. The linear bicyclic lactones (1 & 2) are
small enough to enter the medium pores of
H-ZSM-5 as well as large pores of H-ZSM12,
H-Beta, H-EMT and H-Y. However, the tri-
cyclic lactones, such as 3, 4 & 5 are having an
angular conformation. They can not diffuse into
the channels of H-ZSM-5 and H-ZSM12. Thus
the product yields of various enones obtained

over different zeolite catalysts are in correspon-
dence with their structural fitting. It can be
generalized that large pore zeolites with cage
structures are efficient catalysts for this conver-
sion. Thus the role of shape selectivity in con-
trolling the yield are commonly brought out
from these results.

3.2. The importance of interaction energy

Although the void dimensions of the zeolite
catalysts control the product yield, the elec-
tronic interactions are also expected to play a
vital role in the mechanism of this conversion
reaction. The typical results of experimental
findings for the formation of enone (8) from
spirolactone (3) at 150°C for 6 h are given in
Table 3. The results show that the yield ob-
tained is dependent on the solvent media as well
as on the amount of catalyst used. It is observed
that with the same amount of catalyst and reac-
tant (comparing the experiments 1 & 2), the
yield decreases for a polar solvent like methanol.
When the amount of catalyst is reduced, the
number of supercages as well as the catalyst
surface available for the reactants decrease. This
leads to a drastic decrease in the product yield
(compare the experiments 1 and 5 in Table 3)
for a given reaction. In experiment 5, the cata-
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Fig. 3. The schematic representation of the pore diameters in various zeolites used as catalysts. The diameters of two pores in case of 2D
pore structures or the two diameters of elliptical 1D pore structures are shown. The range of smallest dimension of the reactant spirolactone
and product enone molecules are indicated as shaded regions. The actual dimensions are given in Table 1.
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Table 3

Comparison of the yield of enone (8) over Zeolite H-Y at various reactant/catalyst weight ratios. The effect of different solvents on the
final product yield is also shown [9]. (Temperature = 150°C, time = 6 h)

No. Weight of No. Super Weight of No. reactant Reactant /catalyst Solvent Yield (%)
catalyst (g) of cages reactant (g) molecules weight ratios

1. 10.0 1.0 x 10 1.0 3.6 X 10! 0.10 H 90

2. 10.0 1.0 x 102 1.0 3.6 X 107 0.10 M 19

3. 5.0 5.0 X 10% 0.5 1.8 X 10?! 0.10 M:H(1:4) 58

4. 0.2 20x 10" 1.0 3.6 X 107! 5.00 M:H(1:4) 8

5. 0.1 1.0x 10" 1.0 3.6 x 10* 10.00 H <1

M = Methanol, H = Hexane.

lyst amount is reduced to 1 /100th of the amount
of experiment 1, while keeping all the experi-
mental conditions same. The product yield de-
creased from 90% to less than 1%. However,
the adsorption of molecules on the external
surface is expected to be weak compared to that
inside the cage. Hence, the active sites on the
surface will be easily replenished, compared to
those sites inside the cages. The results indicate
that there is a direct correlation between the
number of super cages and the product yield.
Additionally, if the reaction occurs on the sur-
face, stoichiometric amount of catalyst will not
be required as in the case in our study. Thus the
results in Table 3 indicate that the present reac-
tions are occurring inside the cages and not on

the catalyst surfaces. Further, polar solvents such
as methanol led to low conversion. This may be
due to competitive adsorption of methanol or
due to catalyst deactivation by methanol. Thus
the interaction energy of molecules with the
zeolite framework due to the presence of polar
groups is also important in addition to shape
selective behavior of zeolites. The solvent effect
is complicated and its difficult to probe it with
computational techniques at this stage. How-
ever, we studied the adsorption mode of the
molecules inside the supercage of H-Y and the
mechanism of electron transfer between organic
molecules and the framework of zeolite H-Y by
AM1 calculations.

The total energy of the reactant, proposed

Table 4

Electronic properties of reactants, intermediates and products

Molecule Total energy (eV) Charge on oxygen Bond order between C and O

ring ketonic ring ketonic

—1829.25 -0.28 -0.32 0.934 1.857

11 —1831.24 —-0.28 -0.31 0.954 1.869

6 —1481.28 —~0.28 1.868
—1986.88 —-024 -0.30 0.923 1.831

12 —1987.31 —-0.26 -0.30 0.933 1.857
—1637.71 -0.29 1.883

3 —227042 —-0.23 —-0.30 0.924 1.825

13 —2270.66 -0.25 —-0.29 0.936 1.858

8 —1920.73 ~0.28 1.866

4 —2426.12 —-0.23 -0.30 0.923 1.826

14 —2426.70 -0.25 -0.30 0.936 1.857

9 —2076.03 -0.28 1.866

5 —2582.01 —0.24 —0.30 0.923 1.832

15 —2582.75 -0.26 —-0.31 0.933 1.872

10 —2232.75 —-0.29 e 1.884
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intermediates (according to Scheme 1) and the
product molecules are given in Table 4. The
total energy values are in the order: product +
water > reactant > intermediate.

These results are in correlation with those
obtained from force field calculations (Table 1).
The net charges calculated from Mulliken Popu-
lation analysis indicate that the ketonic oxygens
are more negative than the ring oxygens. Hence
the ketonic oxygen atoms are expected to have
interaction with the proton of the Bronsted acid
site of zeolite. The bond order of C-O bond in
the ring as well as ketonic group are also given
in Table 4. The variation C—O bond in the ring
during the interaction with the zeolite frame-
work is discussed in the following section.

Since H-Y was found to give the best yield
(Table 2) and the structural fitting is also the
most favorable for zeolite Y among all the
zeolites used, we studied in detail the interac-
tion of molecules with H-Y framework. The
12-member pore opening in Zeolite H-Y has

i
|
|
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i

Fig. 4. The molecular graphics view of the 12-member ring pore
opening in zeolite H-Y as viewed along the ‘b’ axis.

(b}

Fig. 5. The tetrameric cluster centered at O1 (FWCI) and O4
(FWC4) of zeolite H-Y framework are shown as structures (a)
and (b), respectively. These cluster models represent the two
possible Bronsted acid sites in 12 m ring of H-Y.

C, symmetry along the pore opening as shown
in Fig. 4 although the 12-membered ring itself
is puckered one. Two tetrameric clusters, each
of them centered at O, and O, are considered to
represent two possible interaction sites in fauja-
site. These tetrameric clusters consist four T-
sites linked to each other by a bridging oxygen
and they are one-third fragment of the 12-mem-
ber ring. The Si/Al ratio of H-Y zeolite cata-
lyst used was 2.6. Therefore, as the nearest
approximation we have substituted one of the
four Si** by AI** and the anionic charge of the
framework is compensated by a proton on the
bridging oxygen. The proton is located in the
12-m ring. The stoichiometry of the clusters are
H,,Si,AlO,; and their actual configurations are
shown in Fig. 5a and b. The electronic proper-
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ties of these cluster models representing the
H-Y faujasite framework were calculated and
given in Table 5. The net charges on O, (—0.56)
and O, (—0.58) in these clusters are almost
same in accordance with their similarity in ge-
ometry: T-O,-T and T-O,-T angles are
135.38° and 136 27°, respectively and T-O; and
T-0, are 1.68 A and 1.69 A, respectively.

The interaction of organic molecules with
these cluster models are studied. The adsorption
complex formed between the molecule and the
zeolite is simulated by a cluster model. The
cluster model is created by fitting the molecule
inside the supercage of H-Y [16]. The two
criteria considered were that there should be
interaction between the Bronsted acid site and
ketonic oxygen, as well as the orientation should
not lead to any bad contacts between the Van
der Waals radii of atoms in the molecule and
the zeolite framework. The conformation of the

Table 5

adsorption complexes between zeolite frame-
work cluster and spirolactone (1) as well as
enone (6) are shown as typical examples in Fig.
6a and b respectively. The interaction energy
between the molecule and the framework cluster
given in Table 5 are calculated according to the
relation given in Eq. (4):

Interaction energy = Total energy of complex
— [Total energy of framework
+ Total energy of molecules] (4)

As for the cluster centered at O, (Fig. 5a) and
O, (Fig. 5b), the organic molecules are found to
have multi-site interaction with the framework.
In the ‘zeolite cluster: organic molecule’ com-
plex, it was found that the major interaction was
between the methylene hydrogen of the organic
molecule and the oxygen of framework. The net
charges calculated by Mulliken Population anal-

Interaction energy of reactants and products with framework cluster centered on the Oxygen site O, and O,. FWC1 and FWC4 are shown in

Fig. 5a and b respectively

Molecule Total energy Interaction energy Charge on oxygen Bond order between
(eV) V) m C and O in the ring

Cluster centered at O, (FWC1) —4588.55

Cluster centered at O, (FWC4) —4588.39

Water molecule -~ 348.56 s e . .

FWCl1 +1 —6417.67 0.13 -0.28 -031 0.933

FWC4 +1 —6417.62 0.12 —0.26 -034 0.922

FWC1 +2 —-6575.15 0.28 -0.25 —-0.26 0.922

FWC4 42 —6574.86 041 -0.26 —-0.22 0.922

FWC1+3 —6858.86 0.11 -0.23 -0.29 0919

FWC4 +3 —6858.73 0.07 -0.21 —-031 0.920

FWC1 +4 —7014.41 0.26 -0.24 -0.27 0.922

FWC4 +4 ~-7014.12 0.38 -025 -0.23 0.920

FWC1+5 —7170.35 0.20 -0.24 -0.28 0.922

FWC4+5 —7169.72 0.67 -0.26 -0.21 0.921

FWC1 +6 —6069.86 -0.03 —0.26

FWC4 + 6 —6069.55 0.01 —0.28

FWC1+7 —6226.30 —0.04 -0.29

FWC4 +7 —6226.05 0.08 -0.29

FWC1+38 —6509.29 —-0.01 -0.29

FWC4 + 8 —~6509.05 0.07 -029

FWC1 +9 —6664.45 0.13 -0.25

FWC4 +9 —6664.39 0.09 —-0.28

FWC1 + 10 —6821.36 -0.07 -0.29

FWC4 + 10 —6821.09 0.04 -0.29
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Fig. 6. The orientation of a typical spirolactone (1) and enone (6)
molecules with respect to the zeolite framework cluster model
shown in Fig. 5a. These cluster models are chosen to study the
electronic interaction between the molecule and zeolite frame-
work.

ysis (Table 5) show that the product molecules
are more polar than the reactant molecules.
Consequently, the interaction energy of the
enones with the framework are relatively favor-
able than the spirolactones.

Similar calculations were performed for the
cluster centered at O,. The geometric features
such as T-O and T-O-T around O, and O, are
almost same as discussed above. Consequently,
the total energy and other electronic properties
calculated for the adsorption complexes of
molecules with cluster models centered at O,

were close as well as following the same trend
as for the cluster centered at O,. Thus, it was
evident that there are several isoenergy sites for
the activation of molecules inside the supercage.

Much importance can not be laid on the
actual numerical values due to confined cluster
models. However, the qualitative trends pre-
dicted for the interaction of various molecules
will be reliable. Chemically, the conversion of
spirolactones to enones is a dehydration pro-
cess. The solvation by water molecules as well
as their interaction with the framework of hy-
drophilic zeolites such as H-Y are poorly un-
derstood phenomena. In spite of these complica-
tions, comparison of the electronic properties of
free and adsorbed molecules given in Tables 4
and 5, respectively show some small but subtle
changes. The bond order of C—O bond in the
ring shows a slight decrease due to adsorption,
indicating the tendency for weakening. Indeed,
geometry optimization calculations would be
needed to simulate the realistic bond fission
process taking place. The net negative charges
on the oxygen in the rings remain constant or
there is a slight increase, where as the negative
charge on the ketonic oxygen decreases. The
ketonic oxygen atoms in the product molecules
have lesser negative charge than the reactant
molecules. Thus the electron redistribution pre-
dicted by the present calculations indicate that
the ketonic oxygen of the reactant molecules
abstract the proton from Bronsted acid site,
although the ring oxygen is removed during
dehydration. Thus the results support the mech-
anism proposed in Scheme 1.

4. Conclusions

The use of zeolite catalysts in place of con-
ventional acid catalyst has been demonstrated
for the conversion of spirolactones to enones.
The zeolite catalysts have obvious advantages
and far reaching consequences, such as recy-
cling of the catalyst and easy working up. The
yields obtained in the conversion of several



162 A. Chatterjee et al. / Journal of Molecular Catalysis A: Chemical 127 (1997} 153—162

spirolactones to enones are in correspondence
with the structural fitting of these molecules
inside zeolite channels or cages. Thus the shape
selective catalytic behavior of various zeolites
have been rationalized and some generalizations
have been derived.

The interaction energy of the products with
the zeolite framework are more favorable than
the interaction energy of reactants with the
framework. Thus the final products formed have
to be solvent extracted otherwise the cages are
not available for other reactants. Hence stoi-
chiometric quantity of zeolite catalysts are re-
quired in the reaction. The comparison of elec-
tronic properties of the free and adsorbed or-
ganic molecules at their minimum energy con-
formations are useful to understand the mecha-
nism of conversion.

The applicability of computer modeling stud-
ies has been established for this reaction; given
a new spirolactone reactant, the feasibility of its
conversion to enones over a zeolite catalyst can
be predicted. The general computer simulation
technique can be applied to study several other
organic reactions catalyzed by zeolites.
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