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Abstract

Project code: RMU5180032

Project title: The Influence of Crystal Framework on the Reactivity of Nanostructured
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In this study, quantum mechanical calculations have been performed to systematically
analyse two different reaction mechanisams for the skeletal isomerisation of cis-butene to
isobutene in ferrierite zeolite. One involves a conventional mechanism that proceeds via

stable alkoxide intermediates and the other one which proceeds via carbenium ions only.

The calculations were performed using 27T quantum mechanical cluster model

representations of ferrierite, which is described using the M062X density functional.

Although the carbenium ion structures formed over the pathway are inherently less stable
than the alkoxide intermediates formed in the conventional mechanism, the rate
determining step is predicted to be almost 10 kcal/mol lower in energy. The higher barrier
for the latter process is due to the inherent stability of the intermediates formed within the
pore. This appears to suggest that while these intermediates are formed over the course of
a reaction, the skeletal isomerisation of butenes in ferrierite only occurs via a carbenium
based mechanism. This proposal is consistent with experimental results that alkoxide

intermediates are experimentally observed species.

Keywords — Zeolite catalysis, carbenium, alkoxide, skeletal isomerisation, QM, DFT, FER
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EXECUTIVE SUMMARY

Quantum chemical calculations of model zeolites can be used to analyse the mechanisms
of catalysis by the consideration of the relative energies, geometries, and interactions of the
substrate, transition state, intermediate and product with the catalytic active site. A
considerable amount of scientific resource has been devoted to the research of zeolites as
replacements for traditional media that are employed as catalysts in the transformation of
hydrocarbons. In particular, quantum mechanical (QM) simulations have been extensively
employed to study concepts in zeolite catalysis since it is possible to study the energetics
and structures of catalytic reactions, offering a unique way to rationalise experimental

results.

Here we propose a study of a ferrierite (FER) zeolite, which is of considerable interest to
industry at present for a number of potential applications. We focus on the skeletal
isomerisation of n-butene to isobutene in FER which experimentally is found to be more
selective in the formation of the desired end product, isobutene, because of its reduced

acidity and smaller interconnecting channels.

We propose an investigation into the mechanism of skeletal isomerisation of n-butene
within the FER pore via (a) a conventional monomolecular mechanism and (b) a
dimerisation mechanism recently proposed, to see which is energetically more favourable.
Importantly, we also explore the nature of the computational model by employing clusters of
27T model and simulate using DFT methods. Single point calculations of the full model are
subsequently carried out at M062X functional with the 6-311+G(2df,dp) basis set used for
the 6T region and 6-31G* for the remainder. Additionally, the key bond distances, angles,
interaction distances and charges for the stationary points derived from each model are
rigorously compared assess the differences that result from the different simulation
conditions. This will provide useful insight into the strength and weakness of the different

models.
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The energies of the stationary points obtained in this study. All energies are
relative to the isolated energies of the zeolite model and cis-butene in the
gasphase. AH corresponds to the energy of optimized complexes using the
default basis set (M062X with cis-butene and zeolite 6T described by 6-
31G(d) and 21T atoms using 3-21G). ZPE corresponds to the zero point
correction energy for the optimized stationary points at the default level of
theory. AH SP corresponds to the single point energy of the optimized
stationary point performed as follows: M062X with cis-butene and zeolite 6T
described by 6-311+G(2df,dp) and 21T atoms using 6-31G(d). The AG
(SP+ZPE) value corresponds to the AH SP plus the ZPE correction obtained

using the default basis set calculation. All values are reported in Kcal/mol..
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lllustration of the proposed 10T:46T ONIOM model with a physisorped n-
butene molecule. Stick indicates the inner layer and line indicates outer layer.
The aluminium atom is illustrated as CPK.
An illustration of the 27T model used in this study (illustrated using a stick
representation). The 6T region surrounding the the T2 Al atom and acidic
center are described using the 6-31G(d) basis set (O atoms coloured red and
Si grey). To include the confinement effect of the zeolite, the two pores that
bisect the main 10T ring are also included in the calculation at using the 3-
21G basis set (stick representation with all atoms coloured green).
A graphical illustration of the energetic associated with the alkoxide (Scheme
A, grey solid line) and carbenium (Scheme B, dashed black line) based
mechanisms. The stationary points found on the two pathways are illustrated
in Figure 4, Figure 5.
Minima obtained in this study. 6T region denoted using a stick representation
and the 21T region using wireframe. Atoms in the foreground have been
removed to aid visualisation. Carbon atoms are numbered 1 to 4 to facilitate
interpretation. Only the key zeolite atoms are numbered in the top left panel.
Key distances and angles are illustrated.
Transition states obtained in this study. See Figure 4 caption for additional
details.
Plot of the zero point corrected single point energies against the Mulliken
charge on the alkene. Transition states are denoted by squares (red),
carbenium ions by triangles (blue) and other minima using circles (black).
The tertiary butyl carbenium ion obtained in this study (CARB3). The key O---
HC interactions are displayed to show the significant stabilizing effect the

extended zeolite framework has on this stationary point.
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The potential of zeolites has been identified by the chemical and petrochemical
industries as an affordable, efficient material to selectively crack, alkylate or oligomerise
hydrocarbons - . Benefits are widespread, including the production of chemical
precursors such as isobutene, key in the production of petrol additive MTBE and ETBE
used to increase the octane rating of fuel, or ethyl-benzene, an intermediate used in the

production of polystyrene .

A considerable amount of scientific resource has been devoted to the research of
zeolites as replacements for ftraditional media employed as catalysts in the
transformation hydrocarbons. In particular, quantum mechanical (QM) simulations have
been extensively employed to study concepts in zeolite catalysis, since it is possible to
study the energetics and structures of catalytic reactions, offering a unique way to

rationalise experimental results.

Here we propose a study of a medium pore zeolite ZSM-5, which is of considerable
interest to industry at present for a number of potential applications. We focus on the
skeletal isomerisation of n-butene to isobutene in ZSM-5 which experimentally shows a
greater conversion of n-butenes than another medium pore zeolite, ferrierite (FER).
Interestingly, the latter is found to be more selective in the formation of the desired end
product, iso-butene, because of its reduced acidity and smaller interconnecting
channels10. ZSM-5'’s increased reactivity is believed to be a result of its greater acidity,
larger pore size and less restricted diffusion characteristics, exacerbated with time on
stream10. As this selectivity difference arises with time on stream, it is effectively

beyond the limits of current simulations.

We propose an investigation into the mechanism of skeletal isomerisation of n-butene
within the more reactive ZSM-5 pore via (a) a conventional monomolecular mechanism
and (b) a dimerisation mechanism recently proposed , to see which is energetically
more favourable. Importantly, we shall also explore the nature of the computational

model by employing gas phase clusters of varying size tetrahedra (3T, 5T, 10T) and



simulate using DFT methods. More rigorous ONIOM 46T models will also be simulated
with an inner core of varying size, (3T, 5T, 10T) treated using DFT, and the remaining
46T region treated via an MM potential. Single point calculations of the full 46T model
will subsequently be carried out at DFT levels to obtain more reliable energetics.
Additionally, the key bond distances, angles, interaction distances and charges for the
stationary points derived from each model will be rigorously compared using principal
components analysis (PCA) to quantitatively assess the differences that result from the
different simulation conditions. This will provide useful insight into the strength and

weakness of each of the different models.

1.2 eguszasAasanidy

1. To model the catalytic reactivity of zeolite catalysts.

2. To elucidate experimental phenomena of zeolite catalysed reactions such as
reaction mechanisms, and spectroscopic data.

3. To study the reaction mechanism of the catalytic conversion of butene to
isobutene.

4. To analyse the structures and properties of zeolite active sites in an attempt to
improve our understanding of the physical basis for the catalytic effect of

zeolites.

1.3 DULVAVDIIWIVE

This research project will involve the prediction of the stationary points and transition
state structures of zeolite catalysts using state-of-the-art computational chemistry
methods. The goal of this study is to elucidate the physical basis for experimental
phenomenon in zeolite catalysts by probing their structure using quantum chemical

calculations.

Of the variety of computational methods available, we choose to employ the ONIOM
method which has been successful in reproducing experimental results. This method
has also been applied to ZSM-5 on a number of pervious occasions making it an ideal
method to apply here. The system to be studied is illustrated in Figure 1 with a bound

isobutene molecule.



Figure 1. lllustration of the proposed 10T:46T ONIOM model with a physisorped n-
butene molecule. Stick indicates the inner layer and line indicates outer layer. The

aluminium atom is illustrated as CPK.

The reactions to be studied are (a) the cis-trans isomerisation of butene and the skeletal
isomerisation of 1-butene to isobutene via (b) a conventional, monomolecular
mechanism and (b) an autocatalytic “dimerisation” mechanism. Calculations will initially
focus on the cis-trans isomerisation to allow the most reliable computational system to

be defined for the complex skeletal isomerisation studies.

ZSM-5, one of the most frequently studied zeolites in the theoretical literature, is to be
represented in two distinct ways; (a) using small nT clusters and (b) using ONIOM
nT:46T models. In each case three different QM cluster sizes (3T, 5T and 10T) will be
used. The latter cluster sizes will also be employed as the inner QM region in the 46T
ONIOM simulations. The models will be cut from the cross section of the straight
channel and zigzag channel as used by others. The dangling bonds will be saturated
with hydrogen atoms and these will be kept fixed during geometry optimization.
Additionally, the 3T heavy atoms (Si, Al and O) and the substrate molecule will be
allowed to relax for all 3T cluster and 3T:46T ONIOM calculations, while the 5T region

and substrate molecule will be allowed to relax in the 5T, 5T:46T, 10T and 10T:46T



simulations. Based on the reports by Namuangruk et al. for propene oxide isomerisation
in ZSM-576, this system should be sufficiently accurate to model the skeletal

isomerisation reactions of butene.

All the calculations will be performed using the Gaussian 03 program . The 3T, 5T and
10T QM clusters will be optimized at the B3LYP/6-31G(d,p) level of theory with single
points obtained using the optimized coordinates at the MP2/6-311++g(d,p) level. ONIOM
simulations will employ the B3LYP/6-31G(d,p) level of theory for the inner region and
the universal force field (UFF) for the outer region. All stationary points will be confirmed
as such using frequency calculations. Single point energies will be obtained in two
distinct ways; (a) at the MP2/6-311++g(d,p):UFF level on the optimized nT:46T system
and (b) at the B3LYP/6-31G(d,p) level for the full 46T optimized system.

To extract as much information as possible from our QM calculations on 6 different
alkenes, we will employ Principle Components Analysis (PCA) - , a widely used
statistical technique in both zeolite simulation and cheminformatics - . PCA is a method
for reducing the amount of data to be analyzed by exploiting the correlated nature of the
variables within a dataset. Linear combinations of the correlated variables are taken
such that the majority of the variance of the original data can be described by a smaller
number of orthogonal components. The components can then be used to assess the
similarities in the reaction structures and the nature of the structural differences in a
quantitative fashion. This method will allow us to systematically assess the difference
between the different cluster model structures and those from the ONIOM models.
Finally, linear regression will be used to assess the relationship between the energetics
and structure, as represented by key distances, angles, dihedrals and atomic Mulliken

charges.



A summary of the key features and expected finding of this study are given below.

A. Cis/Trans Isomerisation

*  Inter comparison of cluster and ONIOM models

* Analysis of stationary point properties using PCA

« Identification of the key differences between clusters and ONIOM

+ Identification of the key differences between different sized clusters

+ Relationship between energetic differences and structure

B. Butene Skeletal Isomerisation

+  Comparison of the conventional and autocatalytic mechanisms

+  Key differences between ONIOM DFT:UFF and DFT single point.

+ Assessment of the agreement of theory with experimental results of de Menorval

+ Relationship between energetic differences and structure

¢ 1 1V}
1.4  islaninaiainazlasy

1. Improve our understanding of the catalytic conversion reactions of zeolites.

2. To increase our general understanding of zeolite action such that the design of

selective zeolites for specific purposes may be realised.

3. To determine how well the current simulation methods are by trying to

differentiate between experimental results.

The combination of modern computational hardware and quantum mechanical software
can provide an alternative to experiment while also providing an insight into molecular
mechanisms impossible to observe experimentally. In relation to zeolite chemistry, this
not only allows us to interpret experiment but also potentially assess reactions not yet
considered. These efforts will help to improve the properties of inorganic catalysts
through the proposal of plausible reaction mechanisms from an accurate description of
active site interactions. Knowledge of the reactions should help in the realisation of new,

improved catalysts.
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Zeolites are important silicon based catalysts employed in the petrochemical industry to
transform crude materials into refined products1'2. The desirable catalytic activity of
these materials mainly arises due to; (a) the replacement of individual silicon atoms in
the 3D lattice structure with aluminum, giving rise to a strong acidic center and/or (b)
the presence of additional heavy metals in the zeolite poresa_s. Combined with the
diverse range of three dimensional pore structures that such materials exhibitz’s'g, a
range of useful chemical reactions can be catalyzed by these materialsm’“. One
application where such materials have proved particularly useful is in the catalytic
cracking and skeletal isomerisation of hydrocarbons employed in the petrochemical
industryz'm’m'm. The skeletal isomerisation of linear butenes to isobutene in FER has

been extensively studied experimentallyﬁ)_18 given that the latter is an important

. 19
chemical precursor .

In this study the related catalytic conversion of cis-butene to iso-butene in the zeolite
ferrierite (FER) is investigated. This zeolite is of significant interest from the point of
view of butene isomerisation due to the high selectivity it displays for iso-butene
compared to larger pore zeolites such as ZSM—520’21. These differences arise due to the
so called confinement effect of the unique zeolite lattice and their differing aciditiesa_s.
There are still a number of uncertainties regarding the origin of the catalytic effect of
zeolite on this reaction, including whether it occurs via a mono-molecular or pseudo bi-

2
molecular route .

Extensive experimentation has been undertaken on zeolites using techniques such as
infra-red, UV, NMR and EPR spectroscopyzz'm. In addition extensive use of theoretical
methods have been reported in the literature. Quantum mechanical (QM) calculations of
various types have been employed to elucidate aspects of zeolite catalysis including
QM cluster calculations5’13’25, hybrid quantum mechanical/molecular mechanical
(@WM/MM)"**® and ONIOM methods” -, as well as periodic DFT simulations™ . In this
study, a relatively large DFT cluster model of FER is employed to study the local effects
of the pore structure on the skeletal isomerisation of cis-butene in the zeolite (Figure 2)

since reports from Hansen et al suggest that such a sized cluster is needed to enable



the locations of high energy carbenium or carbonium ions,32 . The improved M062X DFT
functional‘%_35 is employed here as it has been used quite extensively to study aspects

. . 7,13,28,35
of zeolite catalysis recently .

The investigations of Boronat et aI36 in the medium pore zeolite Theta-1 showed that
the skeletal isomerisation reaction of linear butenes proceeds via two alkoxide
intermediates (secondary and tertiary butyl) to the iso-butene product. The rate
determining barrier is 22 kcal/mol and involve methyl group migration. No carbenium ion
stationary points were reported in Theta-1 or in a related study on ZSM-537 by this
author. Demuth et al investigated the related skeletal isomerisation of 2-pentene and
they proposed that the most likely pathway involved the formation of high energy, but
stable secondary carbenium ions as transient intermediateSSS. This differing result may
be due to differences in the zeolite pore structures under investigation in the different
studies since these are known to have a dramatic effect on the stability of carbenium
ions39’40. Niemenan et aI41 has also assessed aspects of alkoxide species stabilities in
FER using alkenes between 3 to 5 carbons in length. They showed that the stability of
the alkoxy formed was very sensitive to the steric bulk of the alkene in question. In
addition, a number of studies have discussed the importance of carbenium ions and
their relevance in skeletal isomerisation of alkene328'4o'42_44. Tuma et al42'43, followed by
Boronat et al40, concluded that carbenium ions should exist as true, albeit short lived

reaction intermediates.

This study considers the skeletal isomerisation of linear butenes to iso-butene in FER
the light of the most recent publications in the area. Both a conventional mechanism
akin to that proposed by Boronat et alsa’40 that proceeds via alkoxide intermediates, and
one that proceeds via carbenium based intermediates39 is investigated. The zeolite FER
has been chosen for this study due to its widespread use in skeletal isomerisation
reactionsw'18 and (b) due to its rather small pore cavity which presumably makes
carbenium ion formation more likely when compared to larger pore zeolites such as
ZSM-5. The results are then contrasted with related theoretical studies which have been

36,38

performed in either other zeolites and/or using similar alkenes: Theta—14o, ZSM-22 ,

zsM-5" and FER™>*"* or generic zeolite models .
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10.

11.

12.
13.

Build a number of structural models, i.e., clusters and zeolite frameworks.

Study the conversion of trans-butene to cis-butene in the gas phase and
compare with the results from framework (active site’s surrounding environment)
of the zeolite.

Interpret the effect of the different active sites on the reaction and determine
whether we can differentiate between the known experimental results using the
ONIOM models.

Propose the mechanism for the reaction and interpret the results. Build a
number of structural models, i.e., clusters and embedded clusters.

Build a number of structural models, i.e., clusters and zeolite frameworks.

Study the conversion of n-butene to isobutene in the framework (active site’s
surrounding environment) of the zeolite.

Study the reaction profile for the catalytic conversion of n-butene to isobutene.
Propose the mechanism for the reaction and interpret the results.

Build a number of structural models.

Study the autocatalytic conversion of n-butene to isobutene in the framework
(active site’s surrounding environment) of the zeolite.

Study the reaction profile for the autocatalytic conversion of n-butene to
isobutene.

Propose the mechanism for the reaction and interpret the results

Compare the results from autocatalytic conversion calculations to those

calculated based on the proposed mechanism in the second year.

Recent calculations on FER have used the cluster approach7, the ONIOM approach28

and periodic methods42'46 to good effect to elucidate aspects of its catalytic function.

Due to the relative simplicity of the cluster approach, and the ability of relatively large

clusters to describe high energy intermediates formed within zeolite systemsSz, the

cluster method was chosen for this study. The cluster model of FER was generated

using the X-ray diffraction data in Material Studio47. FER has a 2 dimensional pore

structure with a large main 10T channel bisected by smaller 8T channels. A 27T cluster



model was carved from the X-ray coordinates, encompassing 2 complete pores either
side of the 10T central ring. The bronsted acid site was created by replacing a silicon
atom located at the T2 position of the 10T ring with an aluminium atomY'M. The 6T
region of the cluster model surrounding the T2 site and acidic oxygen using the 6-
31G(d) basis set and more distant atoms using the 3-21G basis set (Figure 2). This
approach has been used in the past to allow a large QM cluster of a zeolite to be
simulated in a reasonable amount of time48’49. The 3-21G basis set does appear to be
sufficient to describe longer range effects based on the reports of Yumura et al49. This

resulted in a model system with a total of 1226 basis functions.

The 6T region surrounding the T2 site and acidic oxygen was excised from the original
X-ray coordinates with bonds cut across the O-Si bond. To avoid issues due to overly
strong polarization due to the presence of OH groups, bonds were cut across the Si-O
bonds for the more remaining 21T atoms46. This type of approach is similar to that
employed to Zhao et al in their validation of the M062X functional for zeolite based
appIicationsBs. To maintain the overall shape of the zeolite all terminal hydrogen atoms
in the 6T region were fixed while only silicon atoms beyond this region were fixed. This
allowed the electronegative oxygen atoms, which are directed into the FER pore, to
subtly alter their positions over the course of the simulated reaction, thereby allowing
better stabilization of the reactive species formed. Boronat et al note that the lack of
flexibility in the zeolite lattice is one of the key issues in estimating the energies of

intermediates in QM models of zeolites40.

All geometry optimizations were performed using M06-2X functional in Gaussian 0350
modified to use the Minnesota Density Functionals Module 3.1 by Zhao and Truhlarss.
Minima and transition states were fully characterized as stationary points in the
complete 27T model, in all cases displaying zero and one single negative frequently,
respectively. Zero point energy corrections to the energetic were therefore possible.
Single point energies of optimized coordinates were subsequently obtained using the
MO062X functional with the 6-311+G(2df,dp) basis set used for the 6T region and 6-31G*

for the remainder.



With regards to model validity, the skeletal isomerization of linear butenes to isobutene
has previously been studied by Boronat et al in Theta-1 using a 20T model of that
zeoIiteBB. The authors reported that the results were in agreement with periodic models
that include longer range effects of the zeolite Iatticesﬁ’m. This finding should mean that
the results obtained here from a larger 27T model of FER are likely to be of reasonably

accuracy.

32 e3psdlauazgunsnliily
1. High Performance Computer
2. Gaussian 98 Software
3. Statistical Analysis Software

10
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The energetic results obtained from the calculations are reported in Table 1 and Figure
2. The structural parameters of the optimized geometries are displayed in Figure 3 for
minima and Figure 4 for transition states. The energies of the optimized complexes are
given in Table 1 along with their corresponding zero point correction and the single
point energies. The single point and ZPE corrected energies are found to be in good
agreement with the energies obtained at the original level or theory. All energies
discussed henceforth correspond to the single point energies (M062X with 6-
311+G(2df,dp) for cis-butene, and the 6T region and 6-31G(d) for 21T region) including
zero point energy corrections, and are expressed relative to the isolated reagents

unless otherwise stated.

Figure 2 An illustration of the 27T model used in this study (illustrated using a stick
representation). The 6T region surrounding the the T2 Al atom and acidic center are
described using the 6-31G(d) basis set (O atoms coloured red and Si grey). To include
the confinement effect of the zeolite, the two pores that bisect the main 10T ring are
also included in the calculation at using the 3-21G basis set (stick representation with all

atoms coloured green).

11




The skeletal isomerisation of cis-butene is first discussed in the context of the more
conventional alkoxide based mechanism followed by a discussion on the relative

likelihood of a carbenium based mechanism existing in this zeolite.
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Figure 3 A graphical illustration of the energetic associated with the alkoxide (Scheme
A, grey solid line) and carbenium (Scheme B, dashed black line) based mechanisms.

The stationary points found on the two pathways are illustrated in Figure 4, Figure 5.

4.1 Alkoxide based mechanism

The traditional uni-molecular mechanism of butene isomerisation begins with the
formation of the adsorbed alkene-FER complex. The estimated adsorption energy of 1-
butene is -18.9 kcal/mol in Theta-1" and -18.4 kcal/mol for iso-butene in FER". Thus,
the value of -23.8 kcal/mol obtained here for cis-butene adsorbed to FER appears
reasonable especially given that it is less sterically hindered than iso-butene. The 7-
complex displays short C---Hz interactions as expected (2.11 and 2.20 A) while the C=C

bond distance is only slightly elongated compared to the isolated gasphase value (1.34
vs 1.33 A).
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Table 1 The energies of the stationary points obtained in this study. All energies are

relative to the isolated energies of the zeolite model and cis-butene in the gasphase.

AH corresponds to the energy of optimized complexes using the default basis set

(M062X with cis-butene and zeolite 6T described by 6-31G(d) and 21T atoms using 3-

21G). ZPE corresponds to the zero point correction energy for the optimized stationary

points at the default level of theory. AH SP corresponds to the single point energy of

the optimized stationary point performed as follows: M062X with cis-butene and zeolite

6T described by 6-311+G(2df,dp) and 21T atoms using 6-31G(d). The AG (SP+ZPE)

value corresponds to the AH SP plus the ZPE correction obtained using the default

basis set calculation. All values are reported in Kcal/mol.

Scheme-A AH ZPE AHSP  AG (SP+ZPE)
REACTANT -22.82 -0.72 -23.25 -23.96
TS1 -4.51 0.44 -4.50 -4.06
CARB1 -6.91 0.42 -6.05 -5.63
TS2 -4.97 0.02 -4.45 -4.43
INT1 -21.65 -3.98 -19.03 -23.01
TS4 -1.31 -1.01 2.08 1.07
INT2 -29.80 -3.18 -23.41 -26.60
TS5 5.39 0.85 6.78 7.63
CARB3 -19.68 0.24 -18.29 -18.04
TS7 -11.38 1.42 -11.62 -10.21
PRODUCT -20.34 -1.61 -22.50 -24.11

Scheme-B AH ZPE AHSP  AG (SP+ZPE)
REACT -22.82 -0.72 -23.25 -23.96
TS1 -4.51 0.44 -4.50 -4.06
CARB1 -6.91 0.42 -6.05 -5.63
TS3 -1.46 -0.38 -0.94 -1.32
CARB2 -7.96 -0.36 -8.50 -8.87
TS6 13.36 2.11 13.48 15.59
CARBS3 (C) -19.16 0.68 -18.06 -17.38
TS8 -9.72 1.76 -9.38 -7.62
PRODUCT (C)  -18.62 221 -18.94 -21.15
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The skeletal isomerisation in Theta-1 begins with the formation of a secondary alkoxy
complex in a concerted mechanism with simultaneous transfer of a proton from the
zeolite to butene and the formation of a C-O bond36'40. The next step requires a methyl
group shift, leading to the formation of a primary alkoxide intermediate. The carbon
atom from which the methyl group migrates forms a C-O bond with an adjacent
nucleophilic oxygen, while the migrating methyl satisfies the valence of the carbon atom
whose C-O bond must break. The secondary alkoxide is found to be 6.9 kcal/mol higher
in energy than the adsorbed complex compared to the primary alkoxide which is -2.9
kcal/mol lower. The rate determining step in theta one is the decomposition of the
primary alkoxide to give adsorbed iso-butene. This final step requires the C-O bond of
the primary alkoxide to break and the transfer of a proton to the zeolite which has a
rate determining barrier of 32.7 kcal/mol. Iso-butene is found to be adsorbed to theta-1
only 0.7 kcal/mol higher in energy than 1-butene. Boronat et al note that these energies
are likely to be upper limits given the 20T ring was not optimized (a 5T optimized model

36
was inserted into the larger model and a single point energy calculated performed) .

In FER, it is found that the formation of the initial alkoxide intermediate does not occur
in a concerted manner, in contrast to than within theTheta-1 pore. Proton transfer from
the O2 atom of the zeolite to the C2 of cis-butene via transition state one (TS1) leads to
a stable carbenium ion 18.3 kcal/mol higher in energy than the adsorbed complex, with
a barrier of 19.9 kcal/mol. The C2-C3 distance of the adsorbed cis-butene increases to
1.45 A in carbenium ion 1 (CARBH1), intermediate between the double and single bond
values expected for cis-butene in the gasphase (1.33 vs 1.50 A respectively). TS1 is
considerably closer in structure to the corresponding carbenium ion than adsorbed cis-
butene as might be expected given the energetic differences. TS1 has a C2-C3
distance that is very close to that of CARB1 (1.43 vs 1.45 A), as well as the C2-Hz
distance of (1.14 vs 1.13 /&). The principal difference being the two is the C1-C2-C3-C4
dihedral angle, which is 7° in CARB1 but 46.6° in TS1, facilitating the inductive
stabilization of the positively charged carbon center in the former. CARB1 is stabilized
by a single strong interaction formed between a C4 hydrogen atom and the O3 oxygen

atom (1.98 Z'\), similar to those reported by Fang et alzs.
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CARB1 can decompose in the forward direction to a secondary alkoxide intermediate by
traversing a barrier of just 1.2 kcal/mol. The C3-O1 distance in TS2 is 2.57 A,
decreasing to 1.56 A in the alkoxide intermediate (INT1). This structure is ~ 1kcal/mol
lower in energy than the adsorbed cis-butene, lower than that reported by Boronat et al
in Theta-1 (6.9 kcal/mol). This difference is not surprising given that the same authors
show that alkoxides formed in Mordenite were shown to be heavily dependent on the T

e 39 41
position , as do others .

Intermediate 2 (INT2) is formed when the methyl group (C1) migrates from C2 to to C3.
This requires the O1-C3 bond to break and the O1-C3 bond to form in the process. The
transition state (TS4) displays a partial C2=C3 double bond as observed by the 1.43 A
distance. This facilitates the migration of the methyl group between these two atoms.
The C1-C2 distance is 2.09 A and the C3-C1 distance is 1.63 A while the C2-O2 and
01-C3 distances are 2.20 A and 2.99 A respectively. The barrier of 24 kcal/mol is
consistent with that observed by Boronat et al in Theta-1 (25.8 kcal/mol). The secondary
alkoxide is 2 kcal/mol higher in energy than the adsorbed isobutene in FER from the

work of Tuma et al42, which is consistent with what is found here (2.5 kcal/mol).

TS5 separates INT2 from carbenium ion 3, and not the product as is found in Theta-1.
The breaking of the O2-C2 bond sees the migration of the hydrogen atom attached to
C3 to C2 as the double bond begins to form. Proton transfer from this tertiary center to
the zeolite was not observed due to the instability of the primary carbenium center that
forms at C2. TS5 therefore displays a C2-O2 distance of 2.44 A. The C3-H distance is
1.15 A the C2-C3 distance is 1.42 A. Crucially, the C2-C3-H angle is 91.0° indicating
that the proton is in the process of migrating across the C2-C3 bond. This finding is
consistent that the stability of carbenium ions are dependent on the accessibility of the
acidic oxygen position328’39. This barrier is 34.2, comparable to the final rate determining

step found by Boronat et al in Theta-1 (32.7 kcal/mol)36.

The tertiary butyl carbenium ion (CARB3) displays C-C distances of approximately 1.46
A. Due to the unique pore dimensions, the tertiary butyl carbenium ion can make
significant interactions with the zeolite. In fact, all 9 hydrogen atoms are found to make
significant interactions with the zeolite. The 9 shortest C-H---O interactions observed

(one per alkyl H) were 4*2.3 A, 2.4 A, 2.6 A, 2*2.7 A and 2.9 A (Figure 7), which would
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explain the very low net change on the molecule compared to CARB1 (Figure 6). This

observation is discussed in more detail in the following section.
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Figure 6 Plot of the zero point corrected single point energies against the Mulliken
charge on the alkene. Transition states are denoted by squares (red), carbenium ions

by triangles (blue) and other minima using circles (black).

CARB3 is found to be 6 kcal/mol higher in energy than the adsorbed cis-butene and
iso-butene molecules. The latter energy is lower than the value reported very recently
by Tuma et al (14 kcal/mol for tertiary butyl carbenium — adsorbed isobutene) 42, but it
is closer to their earlier reported value of 8.5 kcal mol43. Fang et al also report that the
tertiary butyl carbenium ion is 14.7 kcal/mol higher in energy compared to adsorbed iso-
butene molecules in ZSM5. However, in this case the larger 12T pore of ZSM5 is
unlikely to provide the same level of stabilization to the carbenium ion of the smaller

FER pore as discussed above.

Transition state 7 (TS7) connects CARB3 with the adsorbed iso-butene molecule. The
C1-Hz distance in TS7 is 1.36 A, the O2-Hz distance is found to be 1.35 A and the C1-
C3 distance is 1.38 A. The barrier to reaction is considerably higher than that observed
for CARB1 due to the inherent stability of the structure. The stabilization provided by the
zeolite leads to a forward barrier to reaction of 8.2 kcal/mol (11.4 kcal/mol in the reverse

direction). This value is somewhat higher than in the similar study of tert-butyl
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carbenium ions in FER (3.3 kcal/mol) reported by Tuma et aI42 but might be a reflection

of the different models and methodologies used.

The adsorbed iso-butene molecule is of equivalent energy to the adsorbed cis-butene
molecule in line with that found in Theta-151. Unlike the adsorbed cis-butene molecule,
the interaction between the acidic site and the alkene double of iso-butene molecule is
not approximately symmetric. In the latter case, the C1---Hz distance is found to be 2.20
A and the C3---Hz distance 2.57 A. However the symmetric nature of the iso-butene
molecule, and the location of the O1 acidic atom at a less restricted part of the pore
mean that the somewhat poorer interaction of iso-butene is somewhat compensated for

by reduced steric repulsion.

4.2 Carbenium based mechanism

The the skeletal isomerision of cis-butene to iso-butene can proceed in a manner
somewhat similar to that reported to Boronat et al in Theta-1. The key difference is that
the very first, and very final steps, which are reported to be concerted in Theta-1, are
found to be stepwise in FER, involving 2 stable carbenium ions. Nevertheless, the
reported rate determining barrier for the alkoxide based mechanism found in FER is

34.2 kcal/mol, very close to that reported for Theta-1 at 32.7 kcal/mol.

The observation here that the skeletal isomerisation of linear butenes in FER will
proceed in a concerted fashion, via carbenium ion intermediates, is perhaps not
surprising given the recent work by Tuma et al on iso-butene carbenium ions in FER42.
It has not however been reported if the skeletal isomeration of linear butenes in FER
can occur via a purely carbenium ion based process or at least now energetically
favourable or not such a mechanism would be in comparison to one that proceeds via

stable alkoxide intermediates. This is now discussed.

CARB1, formed by the transfer or the acidic proton to the C2 atom of cis-butene, can
also react to form an additional carbenium ion, termed CARB2 here. For CARB2 to
form, the C1-C2-C3-C4 dihedral angle must rotate from 7.0 in CARBH1, to 44.8° in the
transition state (TS3), before reaching a minima at.94.8° in CARB2. The barrier to this
process is 4.3 kcal/mol. The minimum energy structure formed has a corresponding

angle of 94.80, and is 3.2 kcal/mol lower than CARB1 and 18.3 kcal/mol higher in
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energy than the adsorbed iso-butene molecule. In this structure the methyl group lies
intermediate between the C2 and C3 atoms and is akin to TS4 discussed before. The
key difference between the two structures is that CARB2 makes two strong interactions
between the migrating methyl group and the Al polarized O2 and O3 atoms. The
interactions of 2.28 and 2.09 A are observed indicating the interaction is particularly

strong.

CARB2 can decompose to form CARB3* (related to CARB3 in terms of their symmetry
perpendicular to the 001 axis in FER) by completing the migration of the C1 methyl to
the C3 position and the simultaneous migration of the C3 hydrogen atom across the
C2=C3 bond as it increases in strength. In TS6 the methyl group has completely
migrated. The C3-H distance is 1.16 A, the C2-C3-H angle is 99.7° , and the C2=C3
distance is 1.40 A. TS6 is found to be higher in energy than the related TS5 due to the
fact that in the latter structure the breaking C2-O2 bond (coming from INT2) helps
stabilize the structure, as can be seen by the considerably larger net Mulliken charge on

the alkene (0.71 vs 0.75 respectively, Figure 6).

CARB3* is slightly higher in energy than CARB3 (-17.4 vs -18.0 kcal/mol). This can be
rationalized based on its slightly reduced interaction with the zeolite lattice, as can be
seen from the marginally higher net Mulliken charge on the two alkenes (0.75 vs 0.71
respectively). CARB3* reacts via TS8 to form the adsorbed iso-butene complex in a
similar fashion to CARB3. The barrier is found to be 10.2 kcal/mol, 2.5 kcal/mol higher
than TS7 which is associated with the CARB3. Again the less effective stabilization
provided by the zeolite lattice explains the marginally higher barrier between these two
related barriers (Figure 6). The adsorbed iso-butene molecule from this step is ~3
kcal/mol less well adsorbed than that arising from the alkoxide based mechanism
(product*). These subtle differences are in line with the accessibility of atoms reported

28,40,41,51
by other researchers .

The predicted rate determining energy barrier for the carbenium ion mediated process is
24.5 kcal/mol in FER, considerably lower than the 34.2 kcal/mol value obtained for the
alkoxide based pathway. In fact, the key reason for the high energy barrier in the latter
process is the inherent stability of alkoxide intermediates in acidic zeolites which

explains why they are experimentally observed. In FER, the reverse barrier going from
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INT2 to INT1 is just 27.7 kcal/mol, lower than the final rate determining step in the
alkozide mediated process (34.2 kcal/mol), suggesting that the formation of iso-butene
could still occur via a carbenuium based route even though INT2 is highly likely to form

given its low energy.

Figure 7 The tertiary butyl carbenium ion obtained in this study (CARB3). The key O---
HC interactions are displayed to show the significant stabilizing effect the extended

zeolite framework has on this stationary point.

Finally, the relationship between the relative energy of the stationary points obtained
here and the net Mulliken charge observed on the alkene/alkane molecule is discussed.
Fang et al reported that the stability of carbenium ions is proportional to the proton
affinity or pKa of the molecule in question. In line with these finding, here it is found
that the transition states that can most effectively delocalize the positive charge on
proton transfer are generally of lower energy. TS7 and TS8 are not directly bonded to
the proton explaining why the overall mulliken charge on this system is low. TS1, TS2
and TS3 are clustered together in terms of their energies and net Mulliken charges
since they all contain secondary carbenium ion centers which are closely related to
CARB1. TS4, TS5 and TS6 are related to INT1, INT2 and CARB2 respectively and their
stability is correlated to their ability to delocalize their significant net positive charge.
TS5 and TS6 both contain primary carbenium ion centers, but the latter interacts more
favourably with the acidic center explaining its lower net change and energy (see

previous discussion). TS4 contains a ~secondary/tertairy carbenium center which has

21



two short C---O interactions with the acidic center explaining its lower positive charge
than the other fully protonated transition states and even the carbenium stationary

points.

This general trend between the ability to delocalize net positive charge and the relative
energy does not hold for the carbenium ions. The energy is primarily dictated by
whether the carbenium ion is located on a primary, secondary or tertiary center. Also
important are the presence of rather stronger interactions with the oxygen atoms of the
zeolite lattice which can lower the overall energy, even if this is not reflected in the
Mulliken charges (Figure 7). CARB3 and CARB3* are the lowest in energy since they
are tertiary carbenium centers, followed by the secondary carbenium ions CARB2 and
CARB1. As discussed earlier, CARB2 is lower in energy than CARB1 due to the more
effective interactions it can make with the zeolite lattice oxygen atoms (even though its

net Mulliken charge is higher).

These results confirm the findings of others that the accessibility of zeolite is very
important for determining the stability of intermediates and carbenium ions formed with
their pores. These results also suggest that QM models that employ relatively small
flexible regions around the acidic center but fixed extended zeolite frameworks may
miss a considerable amount of stabilization provided by oxygen atoms in the
surrounding pore. These oxygen atoms here were found to move up to 0.3 A in some

cases over the course of the reaction pathways simulated.
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uni 5

dyduaninaaag

In this study the results from a systematic analysis of two different mechanisms for the
skeletal isomeristion of cis-butene to iso-butene have been presented. One involves a
conventional mechanism that proceeds via stable alkoxide intermediates and the other

is one which proceeds via carbenium ions only.

A 27T cluster model has been used here for this purpose using the M062X DFT
functional. Atoms in the 6T region have been treated using the 6-31G(d) basis set and
those in the remainder of the cluster treated using the 3-21G basis set. All stationary
structures have been confirmed as minima or transition states using the full model and
basis set used for optimization. More accurate energies were obtained by taking single
point energies (M062X with the 6T region treated using 6-311+G(2df,dp) and the
remainder using 6-31G(d)) of the optimized coordinates and correcting for zero point
energy effects.

The results obtained here are in good agreement with related reports in the literature
where comparison are possible, giving confidence in the models used. The traditional
concerted alkoxide based mechanism reported by Boronat et aI36 is not found in FER.
In this study the mechanism is found to proceeds in a stepwise manner with proton
transfer and nucleophilic attack occurring in separate steps, consistent with recent
proposals by Tuma et aI42. The rate determining step for this mechanism is found to be

very close (~34 kcal/mol) to that reported by Boronat et al.

A purely carbenium based mechanism was also investigated, which did not require the
formation of any alkoxide intermediates. Although the carbenium ion structures formed
over the pathway are inherently less stable than the alkoxide intermediates formed in
the more conventional mechanism, the rate determining step is predicted to be almost
10 kcal/mol lower in energy. The higher barrier for the conventional process is due to
the inherent stability of the intermediates formed within the FER pore. This could
suggest that while these intermediates are formed over the course of a reaction, the
skeletal isomerisation of butenes in FER only occurs via the carbenium based
mechanism. This proposal is consistent with experimental results that alkoside

intermediates are experimentally observed species.
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With regards to the skeletal isomerisation of linear butene in larger zeolites such as
ZSM-5, Rosenbach et al report that the tertiary butyl carbenium ion is 14 kcal/mol
higher in energy than the adsorbed iso-butyl zeolite complex44. This is ~8 kcal/mol
higher in energy than that observed here but it might suggest that a carbenium based
mechanism in ZSM-5 might be close to isoenergetic with the more conventional

alkoxide based mechanism. This proposal is currently under investigation.
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Abstract

In this study the results from a systematic analysis of two different mechanisms for the skeletal
isomerisation of cis-buteneto iso-butenein ferrierite are presented. One involves a conventional mechanism
that proceeds via stable alkoxide intermediates and the other is one which proceeds via carbenium ions only.
A 27T QM cluster model has been used here for this purpose, which is described using the M062X DFT
functional. Although the carbenium ion structures formed over the pathway are inherently less stable than
the alkoxide intermediates formed in the conventional mechanism, the rate determining step is predicted to
be amost 10 kcal/mol lower in energy. The higher barrier for the latter process is due to the inherent
stability of the intermediates formed within the pore. This appears to suggest that while these intermediates
are formed over the course of a reaction, the skeletal isomerisation of butenes in FER only occurs via a
carbenium based mechanism. This proposa is consistent with experimental results that akoxide

intermediates are experimentally observed species.
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1.0 Introduction

Zeolites are important silicon based catalysts employed in the petrochemical industry to transform crude
materials into refined products™2. The desirable catalytic activity of these materials mainly arises due to; (a)
the replacement of individual silicon atoms in the 3D lattice structure with aluminum, giving rise to a strong
acidic center and/or (b) the presence of additional heavy metals in the zeolite pores®. Combined with the

diverse range of three dimensional pore structures that such materials exhibit*®®

, arange of useful chemical
reactions can be catalyzed by these materials'®'!. One application where such materials have proved
particularly useful is in the catalytic cracking and skeletal isomerisation of hydrocarbons employed in the
petrochemical industry®'®*#!*, The skeletal isomerisation of linear butenes to isobutene in FER has been

118 given that the latter is an important chemical precursor™.

extensively studied experimentally

In this study the related catalytic conversion of cis-butene to iso-butene in the zeolite ferrierite (FER) is
investigated. This zeolite is of significant interest from the point of view of butene isomerisation due to the
high selectivity it displays for iso-butene compared to larger pore zeolites such as ZSM-5°?!, These
differences arise due to the so called confinement effect of the unique zeolite lattice and their differing
acidities”®. There are still a number of uncertainties regarding the origin of the catalytic effect of zeolite on
this reaction, including whether it occurs viaa mono-molecular or pseudo bi-molecular route”.

Extensive experimentation has been undertaken on zeolites using techniques such as infra-red, UV, NMR
and EPR spectroscopy?*?*. In addition extensive use of theoretical methods have been reported in the
literature. Quantum mechanical (QM) calculations of various types have been employed to elucidate aspects

of zeolite catalysis including QM cluster calculations®**%

, hybrid quantum mechanical/molecular
mechanical (QM/MM)**? and ONIOM methods?”?, as well as periodic DFT simulations®™*. In this study,
areatively large DFT cluster model of FER is employed to study the local effects of the pore structure on
the skeletal isomerisation of cis-butene in the zeolite (Figure 1) since reports from Hansen et al suggest that
such a sized cluster is needed to enable the locations of high energy carbenium or carbonium ions™ . The
improved M062X DFT functional®*** is employed here as it has been used quite extensively to study aspects

of zeolite catalysis recently”32%,
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The investigations of Boronat et a® in the medium pore zeolite Theta-1 showed that the skeletal
isomerisation reaction of linear butenes proceeds via two alkoxide intermediates (secondary and tertiary
butyl) to the iso-butene product. The rate determining barrier is 22 kcal/mol and involve methyl group
migration. No carbenium ion stationary points were reported in Theta-1 or in arelated study on ZSM-5°" by
this author. Demuth et a investigated the related skeletal isomerisation of 2-pentene and they proposed that
the most likely pathway involved the formation of high energy, but stable secondary carbenium ions as
transient intermediates™. This differing result may be due to differences in the zeolite pore structures under
investigation in the different studies since these are known to have a dramatic effect on the stability of
carbenium ions®**. Niemenan et al** has also assessed aspects of alkoxide species stabilities in FER using
alkenes between 3 to 5 carbons in length. They showed that the stability of the akoxy formed was very
sengitive to the steric bulk of the akene in question. In addition, a number of studies have discussed the
importance of carbenium ions and their relevance in skeletal isomerisation of alkenes®®***. Tuma et
a**, followed by Boronat et a*, concluded that carbenium ions should exist as true, abeit short lived
reaction intermediates.

This study considers the skeletal isomerisation of linear butenes to iso-butene in FER the light of the most
recent publications in the area. Both a conventional mechanism akin to that proposed by Boronat et a***
that proceeds via alkoxide intermediates, and one that proceeds via carbenium based intermediates™ is
investigated. The zeolite FER has been chosen for this study due to its widespread use in skeletal
isomerisation reactions™® and (b) due to its rather small pore cavity which presumably makes carbenium
ion formation more likely when compared to larger pore zeolites such as ZSM-5. The results are then
contrasted with related theoretical studies which have been performed in either other zeolites and/or using

similar alkenes: Theta-1%°, ZSM-22%°8 7SM-5*" and FER?®***? or generic zeolite models™.

2.0 Modelsand M ethods
Recent calculations on FER have used the cluster approach’, the ONIOM approach®® and periodic
methods**° to good effect to elucidate aspects of its catalytic function. Due to the relative simplicity of the

cluster approach, and the ability of relatively large clusters to describe high energy intermediates formed

ACS Paragon Plus Environment



Page 5 of 21 The Journal of Physical Chemistry

©CoO~NOUITA,WNPE

within zeolite systems®, the cluster method was chosen for this study. The cluster model of FER was
generated using the X-ray diffraction datain Material Studio*’. FER has a 2 dimensional pore structure with
alarge main 10T channel bisected by smaller 8T channels. A 27T cluster model was carved from the X-ray
coordinates, encompassing 2 complete pores either side of the 10T central ring. The bronsted acid site was
created by replacing a silicon atom located at the T2 position of the 10T ring with an auminium atom’ ..
The 6T region of the cluster model surrounding the T2 site and acidic oxygen using the 6-31G(d) basis set
and more distant atoms using the 3-21G basis set (Figure 1). This approach has been used in the past to
allow alarge QM cluster of azeolite to be simulated in a reasonable amount of time**°, The 3-21G basis set
does appear to be sufficient to describe longer range effects based on the reports of Yumura et a“°. This
resulted in amodel system with atotal of 1226 basis functions.

The 6T region surrounding the T2 site and acidic oxygen was excised from the original X-ray coordinates
with bonds cut across the O-Si bond. To avoid issues due to overly strong polarization due to the presence of
OH groups, bonds were cut across the Si-O bonds for the more remaining 21T atoms™. This type of
approach is similar to that employed to Zhao et a in their validation of the M062X functional for zeolite
based applications®. To maintain the overall shape of the zeolite all terminal hydrogen atoms in the 6T
region were fixed while only silicon atoms beyond this region were fixed. This allowed the electronegative
oxygen atoms, which are directed into the FER pore, to subtly ater their positions over the course of the
simulated reaction, thereby allowing better stabilization of the reactive species formed. Boronat et a note
that the lack of flexibility in the zeolite lattice is one of the key issues in estimating the energies of
intermediatesin QM models of zeolites™.

All geometry optimizations were performed using M06-2X functional in Gaussian 03*° modified to use
the Minnesota Density Functionals Module 3.1 by Zhao and Truhlar®®. Minima and transition states were
fully characterized as stationary points in the complete 27T model, in al cases displaying zero and one
single negative frequently, respectively. Zero point energy corrections to the energetic were therefore
possible. Single point energies of optimized coordinates were subsequently obtained using the M062X

functional with the 6-311+G(2df,dp) basis set used for the 6T region and 6-31G* for the remainder.
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With regards to model validity, the skeletal isomerization of linear butenes to isobutene has previously
been studied by Boronat et a in Theta-1 using a 20T model of that zeolite®. The authors reported that the
results were in agreement with periodic models that include longer range effects of the zeolite lattice®.
This finding should mean that the results obtained here from alarger 27T model of FER are likely to be of

reasonably accuracy.

3.0 Results and Discussion

The energetic results obtained from the calculations are reported in Table 1 and Figure 1. The structural
parameters of the optimized geometries are displayed in Figure 2 for minima and Figure 3 for transition
states. The energies of the optimized complexes are given in Table 2 along with their corresponding zero
point correction and the single point energies. The single point and ZPE corrected energies are found to be
in good agreement with the energies obtained at the original level or theory. All energies discussed
henceforth correspond to the single point energies (M062X with 6-311+G(2df,dp) for cis-butene, and the 6T
region and 6-31G(d) for 21T region) including zero point energy corrections, and are expressed relative to
the isolated reagents unless otherwise stated.

The skeletal isomerisation of cis-butene is first discussed in the context of the more conventional alkoxide
based mechanism followed by a discussion on the relative likelihood of a carbenium based mechanism

existing in this zeolite.

3.1 Alkoxide based mechanism

The traditional uni-molecular mechanism of butene isomerisation begins with the formation of the
adsorbed alkene-FER complex. The estimated adsorption energy of 1-butene is -18.9 kcal/mol in Theta-1°*
and -18.4 kcal/mol for iso-butene in FER™. Thus, the value of -23.8 kcal/mol obtained here for cis-butene
adsorbed to FER appears reasonable especially given that it is less sterically hindered than iso-butene. The
n-complex displays short C---Hz interactions as expected (2.11 and 2.20 A) while the C=C bond distance is

only dslightly elongated compared to the isolated gasphase value (1.34 vs 1.33 Z\).
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The skeletal isomerisation in Theta-1 begins with the formation of a secondary akoxy complex in a
concerted mechanism with simultaneous transfer of a proton from the zeolite to butene and the formation of
a C-0 bond®**. The next step requires a methyl group shift, leading to the formation of a primary alkoxide
intermediate. The carbon atom from which the methyl group migrates forms a C-O bond with an adjacent
nucleophilic oxygen, while the migrating methyl satisfies the valence of the carbon atom whose C-O bond
must break. The secondary alkoxide is found to be 6.9 kcal/mol higher in energy than the adsorbed complex
compared to the primary alkoxide which is-2.9 kcal/mol lower. The rate determining step in theta oneis the
decomposition of the primary alkoxide to give adsorbed iso-butene. Thisfinal step requires the C-O bond of
the primary alkoxide to break and the transfer of a proton to the zeolite which has a rate determining barrier
of 32.7 kcal/mol. Iso-butene is found to be adsorbed to theta-1 only 0.7 kcal/mol higher in energy than 1-
butene. Boronat et a note that these energies are likely to be upper limits given the 20T ring was not
optimized (a 5T optimized model was inserted into the larger model and a single point energy calculated
performed) *.

In FER, it is found that the formation of the initial akoxide intermediate does not occur in a concerted
manner, in contrast to than within theTheta-1 pore. Proton transfer from the O2 atom of the zeolite to the C2
of cis-butene via transition state one (TS1) leads to a stable carbenium ion 18.3 kcal/mol higher in energy
than the adsorbed complex, with a barrier of 19.9 kcal/mol. The C2-C3 distance of the adsorbed cis-butene
increases to 1.45 A in carbenium ion 1 (CARB1), intermediate between the double and single bond values
expected for cis-butene in the gasphase (1.33 vs 1.50 A respectively). TS1 is considerably closer in structure
to the corresponding carbenium ion than adsorbed cis-butene as might be expected given the energetic
differences. TS1 has a C2-C3 distance that is very close to that of CARB1 (1.43 vs 1.45 A), as well as the
C2-Hz distance of (1.14 vs 1.13,&). The principal difference being the two is the C1-C2-C3-C4 dihedrd
angle, which is 7° in CARB1 but 46.6° in TSI, facilitating the inductive stabilization of the positively
charged carbon center in the former. CARBL is stabilized by a single strong interaction formed between a
C4 hydrogen atom and the O3 oxygen atom (1.98 A), similar to those reported by Fang et al%.

CARB1 can decompose in the forward direction to a secondary akoxide intermediate by traversing a

barrier of just 1.2 kcal/mol. The C3-O1 distance in TS2 is 2.57 A, decreas ng to 1.56 A in the alkoxide
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intermediate (INT1). This structure is ~ 1kcal/mol lower in energy than the adsorbed cis-butene, lower than
that reported by Boronat et a in Theta-1 (6.9 kcal/mol). This difference is not surprising given that the same
authors show that alkoxides formed in Mordenite were shown to be heavily dependent on the T position®, as
do others™.

Intermediate 2 (INT2) is formed when the methyl group (C1) migrates from C2 to to C3. This requires the
O1-C3 bond to break and the O1-C3 bond to form in the process. The transition state (T4) displays a partial
C2=C3 double bond as observed by the 1.43 A distance. This facilitates the migration of the methyl group
between these two atoms. The C1-C2 distance is 2.09 A and the C3-C1 distance is 1.63 A while the C2-02
and O1-C3 distances are 2.20 A and 2.99 A respectively. The barrier of 24 kcal/mol is consistent with that
observed by Boronat et a in Theta-1 (25.8 kcal/mol). The secondary akoxide is 2 kcal/mol higher in energy
than the adsorbed isobutene in FER from the work of Tuma et a“?, which is consistent with what is found
here (2.5 kcal/mal).

TS5 separates INT2 from carbenium ion 3, and not the product asis found in Theta-1. The breaking of the
02-C2 bond sees the migration of the hydrogen atom attached to C3 to C2 as the double bond begins to
form. Proton transfer from this tertiary center to the zeolite was not observed due to the instability of the
primary carbenium center that forms at C2. TS5 therefore displays a C2-O2 distance of 2.44 A. The C3-H
distance is 1.15 A the C2-C3 distance is 1.42 A. Crucialy, the C2-C3-H angle is 91.0° indicating that the
proton is in the process of migrating across the C2-C3 bond. This finding is consistent that the stability of
carbenium ions are dependent on the accessibility of the acidic oxygen positions®®®. This barrier is 34.2,
comparable to the final rate determining step found by Boronat et a in Theta-1 (32.7 kcal/mol)®.

The tertiary butyl carbenium ion (CARB3) displays C-C distances of approximately 1.46 A. Due to the
unigue pore dimensions, the tertiary butyl carbenium ion can make significant interactions with the zeolite.
In fact, al 9 hydrogen atoms are found to make significant interactions with the zeolite. The 9 shortest C-H--
-O interactions observed (one per alkyl H) were 4*2.3 A, 2.4 A, 2.6 A, 2*2.7 A and 2.9 A (Figure 6), which
would explain the very low net change on the molecule compared to CARB1 (Figure 5). This observation is

discussed in more detail in the following section.
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CARB3 isfound to be 6 kcal/mol higher in energy than the adsorbed cis-butene and i so-butene mol ecules.
The latter energy is lower than the value reported very recently by Tumaet a (14 kcal/mol for tertiary butyl
carbenium — adsorbed isobutene) *, but it is closer to their earlier reported value of 8.5 kcal mol*. Fang et
al also report that the tertiary butyl carbenium ion is 14.7 kcal/mol higher in energy compared to adsorbed
iso-butene moleculesin ZSM5. However, in this case the larger 12T pore of ZSM5 is unlikely to provide the
same level of stabilization to the carbenium ion of the smaller FER pore as discussed above.

Transition state 7 (TS7) connects CARB3 with the adsorbed iso-butene molecule. The C1-Hz distance in
TS7is 1.36 A, the O2-Hz distance is found to be 1.35 A and the C1-C3 distance is 1.38 A. The barrier to
reaction is considerably higher than that observed for CARBL1 due to the inherent stability of the structure.
The stabilization provided by the zeolite leads to a forward barrier to reaction of 8.2 kcal/mol (11.4 kcal/mol
in the reverse direction). This value is somewhat higher than in the similar study of tert-butyl carbenium ions
in FER (3.3 kcal/mol) reported by Tuma et a* but might be a reflection of the different models and
methodol ogies used.

The adsorbed iso-butene molecule is of equivaent energy to the adsorbed cis-butene molecule in line with
that found in Theta-1>!. Unlike the adsorbed cis-butene molecule, the interaction between the acidic site and
the alkene double of iso-butene molecule is not approximately symmetric. In the latter case, the C1---Hz
distance is found to be 2.20 A and the C3---Hz distance 2.57 A. However the symmetric nature of the iso-
butene molecule, and the location of the O1 acidic atom at a less restricted part of the pore mean that the

somewhat poorer interaction of iso-butene is somewhat compensated for by reduced steric repulsion.

3.2 Carbenium based mechanism

The the skeletal isomerision of cis-butene to iso-butene can proceed in a manner somewhat similar to that
reported to Boronat et a in Theta-1. The key difference is that the very first, and very final steps, which are
reported to be concerted in Theta-1, are found to be stepwise in FER, involving 2 stable carbenium ions.
Nevertheless, the reported rate determining barrier for the alkoxide based mechanism found in FER is 34.2

kcal/mol, very close to that reported for Theta-1 at 32.7 kcal/mol.
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The observation here that the skeletal isomerisation of linear butenes in FER will proceed in a concerted
fashion, via carbenium ion intermediates, is perhaps not surprising given the recent work by Tuma et a on
iso-butene carbenium ions in FER*. It has not however been reported if the skeletal isomeration of linear
butenes in FER can occur via a purely carbenium ion based process or at least now energetically favourable
or not such a mechanism would be in comparison to one that proceeds via stable akoxide intermediates.
Thisis now discussed.

CARBL1, formed by the transfer or the acidic proton to the C2 atom of cis-butene, can also react to form an
additional carbenium ion, termed CARB2 here. For CARBZ2 to form, the C1-C2-C3-C4 dihedral angle must
rotate from 7.0° in CARBI, to 44.8° in the transition state (TS3), before reaching a minima at.94.8° in
CARB2. The barrier to this process is 4.3 kcal/mol. The minimum energy structure formed has a
corresponding angle of 94.8° and is 3.2 kcal/mol lower than CARB1 and 18.3 kcal/mol higher in energy
than the adsorbed iso-butene molecule. In this structure the methyl group lies intermediate between the C2
and C3 atoms and is akin to T4 discussed before. The key difference between the two structures is that
CARB2 makes two strong interactions between the migrating methyl group and the Al polarized O2 and O3
atoms. The interactions of 2.28 and 2.09 A are observed indicati ng the interaction is particularly strong.

CARB2 can decompose to form CARB3* (related to CARB3 in terms of their symmetry perpendicular to
the 001 axis in FER) by completing the migration of the C1 methyl to the C3 position and the simultaneous
migration of the C3 hydrogen atom across the C2=C3 bond as it increases in strength. In TS6 the methyl
group has completely migrated. The C3-H distance is 1.16 A, the C2-C3-H angle is 99.7°, and the C2=C3
distance is 1.40 A. TS6 is found to be higher in energy than the related TS5 due to the fact that in the latter
structure the breaking C2-O2 bond (coming from INT2) helps stabilize the structure, as can be seen by the
considerably larger net Mulliken charge on the alkene (0.71 vs 0.75 respectively, Figure 5).

CARB3* is dightly higher in energy than CARB3 (-17.4 vs -18.0 kcal/mol). This can be rationalized
based on its dightly reduced interaction with the zeolite lattice, as can be seen from the marginally higher
net Mulliken charge on the two alkenes (0.75 vs 0.71 respectively). CARB3* reacts via TS8 to form the
adsorbed iso-butene complex in a similar fashion to CARB3. The barrier is found to be 10.2 kcal/moal, 2.5

kcal/mol higher than TS7 which is associated with the CARB3. Again the less effective stabilization
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provided by the zeolite lattice explains the marginaly higher barrier between these two related barriers
(Figure 5). The adsorbed iso-butene molecule from this step is ~3 kcal/mol less well adsorbed than that
arising from the akoxide based mechanism (product*). These subtle differences are in line with the
accessibility of atoms reported by other researchers?®%4->1,

The predicted rate determining energy barrier for the carbenium ion mediated process is 24.5 kcal/mol in
FER, considerably lower than the 34.2 kcal/mol value obtained for the alkoxide based pathway. In fact, the
key reason for the high energy barrier in the latter process is the inherent stability of alkoxide intermediates
in acidic zeolites which explains why they are experimentally observed. In FER, the reverse barrier going
from INT2to INT1isjust 27.7 kcal/mol, lower than the final rate determining step in the alkozide mediated
process (34.2 kcal/mol), suggesting that the formation of iso-butene could still occur via a carbenuium based
route even though INT2 is highly likely to form given itslow energy.

Finally, the relationship between the relative energy of the stationary points obtained here and the net
Mulliken charge observed on the akene/alkane molecule is discussed. Fang et al reported that the stability
of carbenium ions s proportional to the proton affinity or pKa of the molecule in question. In line with these
finding, hereit isfound that the transition states that can most effectively delocalize the positive charge on
proton transfer are generally of lower energy. TS7 and TS8 are not directly bonded to the proton explaining
why the overall mulliken charge on this system is low. TS1, TS2 and TS3 are clustered together in terms of
their energies and net Mulliken charges since they all contain secondary carbenium ion centers which are
closely related to CARB1. TS4, TS5 and TS6 are related to INT1, INT2 and CARB2 respectively and their
stability is correlated to their ability to delocalize their significant net positive charge. TS5 and TS6 both
contain primary carbenium ion centers, but the latter interacts more favourably with the acidic center
explaining its lower net change and energy (see previous discussion). TS4 contains a ~secondary/tertairy
carbenium center which has two short C---O interactions with the acidic center explaining its lower positive
charge than the other fully protonated transition states and even the carbenium stationary points.

This genera trend between the ability to delocalize net positive charge and the relative energy does not
hold for the carbenium ions. The energy is primarily dictated by whether the carbenium ion is located on a

primary, secondary or tertiary center. Also important are the presence of rather stronger interactions with the
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oxygen atoms of the zeolite lattice which can lower the overall energy, even if this is not reflected in the
Mulliken charges (Figure 6). CARB3 and CARB3* are the lowest in energy since they are tertiary
carbenium centers, followed by the secondary carbenium ions CARB2 and CARB1. As discussed earlier,
CARB2 is lower in energy than CARB1 due to the more effective interactions it can make with the zeolite
| attice oxygen atoms (even though its net Mulliken charge is higher).

These results confirm the findings of others that the accessibility of zeolite is very important for
determining the stability of intermediates and carbenium ions formed with their pores. These results aso
suggest that QM models that employ relatively small flexible regions around the acidic center but fixed
extended zeolite frameworks may miss a considerable amount of stabilization provided by oxygen atoms in
the surrounding pore. These oxygen atoms here were found to move up to 0.3 A in some cases over the

course of the reaction pathways simulated.

4.0 Conclusions

In this study the results from a systematic analysis of two different mechanisms for the skeletal
isomeristion of cis-butene to iso-butene have been presented. One involves a conventional mechanism that
proceeds via stable alkoxide intermediates and the other is one which proceeds via carbenium ions only.

A 27T cluster model has been used here for this purpose using the M062X DFT functional. Atoms in the
6T region have been treated using the 6-31G(d) basis set and those in the remainder of the cluster treated
using the 3-21G basis set. All stationary structures have been confirmed as minima or transition states using
the full model and basis set used for optimization. More accurate energies were obtained by taking single
point energies (M062X with the 6T region treated using 6-311+G(2df,dp) and the remainder using 6-
31G(d)) of the optimized coordinates and correcting for zero point energy effects.

The results obtained here are in good agreement with related reportsin the literature where comparison are
possible, giving confidence in the models used. The traditional concerted alkoxide based mechanism
reported by Boronat et a* is not found in FER. In this study the mechanism is found to proceeds in a

stepwise manner with proton transfer and nucleophilic attack occurring in separate steps, consistent with
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recent proposals by Tuma et a“. The rate determining step for this mechanism is found to be very close
(~34 kcal/mol) to that reported by Boronat et al.

A purely carbenium based mechanism was aso investigated, which did not require the formation of any
alkoxide intermediates. Although the carbenium ion structures formed over the pathway are inherently less
stable than the alkoxide intermediates formed in the more conventional mechanism, the rate determining
step is predicted to be almost 10 kcal/mol lower in energy. The higher barrier for the conventional processis
due to the inherent stability of the intermediates formed within the FER pore. This could suggest that while
these intermediates are formed over the course of a reaction, the skeletal isomerisation of butenes in FER
only occurs via the carbenium based mechanism. This proposal is consistent with experimental results that
alkoside intermediates are experimentally observed species.

With regards to the skeletal isomerisation of linear butene in larger zeolites such as ZSM-5, Rosenbach et
al report that the tertiary butyl carbenium ion is 14 kcal/mol higher in energy than the adsorbed iso-butyl
zeolite complex*. This is ~8 kcal/mol higher in energy than that observed here but it might suggest that a
carbenium based mechanism in ZSM-5 might be close to isoenergetic with the more conventional alkoxide

based mechanism. This proposal is currently under investigation.
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List of Figures

Figure 1 Aniillustration of the 27T model used in thisstudy (illustrated using a stick representation). The 6T region
surrounding thethe T2 Al atom and acidic center are described using the 6-31G(d) basis set (O atoms coloured red and Si
grey). Toinclude the confinement effect of the zeolite, the two poresthat bisect the main 10T ring are also included in the

calculation at using the 3-21G basis set (stick representation with all atoms coloured green).
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Figure 2 A graphical illustration of the ener getic associated with the alkoxide (Scheme A, grey solid line) and carbenium
(Scheme B, dashed black line) based mechanisms. The stationary pointsfound on the two pathways areillustrated in
Figure3 and Figure 4.
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Figure 3 Minima obtained in this study. 6T region denoted using a stick representation and the 21T region using
wireframe. Atomsin the foreground have been removed to aid visualisation. Carbon atomsare numbered 1to 4 to
facilitate inter pretation. Only the key zeolite atoms are numbered in thetop left panel. Key distancesand anglesare
illustrated.
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Figure 4 Transition states obtained in this study. See Figure 3 caption for additional details.
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Figure5 Plot of the zero point corrected single point energies against the M ulliken charge on the alkene. Transition states

are denoted by squares (red), carbenium ions by triangles (blue) and other minima using cir cles (black).

Figure 6 Thetertiary butyl carbenium ion obtained in thisstudy (CARB3). The key O---HC interactions are displayed to

show the significant stabilizing effect the extended zeolite framework hason this stationary point.
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; List of Tables

3

4 Table 1 The energies of the stationary points obtained in this study. All energiesarerelativeto the isolated energies of the
5 zeolite model and cis-butene in the gasphase. AH correspondsto the energy of optimized complexes using the default basis
6 set (M062X with cis-butene and zeolite 6T described by 6-31G(d) and 21T atomsusing 3-21G). ZPE correspondsto the
7 zero point correction energy for the optimized stationary points at the default level of theory. DH SP correspondsto the
8 single point ener gy of the optimized stationary point performed asfollows: M 062X with cis-butene and zeolite 6T
9 described by 6-311+G(2df,dp) and 21T atoms using 6-31G(d). The AG (SP+ZPE) value correspondsto the AH SP plusthe
10 ZPE correction obtained using the default basis set calculation. All valuesarereported in Kcal/mol.
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12 Scheme-A AH ZPE AHSP  AG (SP+ZPE)
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27 TS5 5.39 0.85 6.78 7.63

28

29 CARB3 -19.68 0.24 -18.29 -18.04
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31 TS7 -11.38 1.42 -11.62 -10.21

32

33 PRODUCT -20.34 -1.61 -22.50 -24.11

34

35
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38
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48 TS6 13.36 2.11 13.48 15.59

49

50 CARB3 (C) -19.16 0.68 -18.06 -17.38

51

52 TS8 -9.72 1.76 -9.38 -7.62

53

54 PRODUCT (C) -18.62 -2.21 -18.94 -21.15
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