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Predicting the Activity of Single Isolated Lewis Acid Sites in Solid Catalysts

Mercedes Boronat,'™ Avelino Corma,*!*! Michael Renz,™ and Pedro M. Viruela!™

Abstract: An experimental study of the
activity of Ti-, Zr- and Sn-beta catalysts
in different types of oxidation reactions

als are explained in terms of the molec-
ular orbital distribution of each system.
The intrinsic Lewis acid strength of the

isolated active site, the degree of back-
donation from the catalyst to the
empty orbitals of the organic reactant

is combined with a quantum-chemical
analysis of the electronic properties of
the active sites and the adsorbed reac-
tants. The differences observed in the
catalytic behaviour of the three materi-

Introduction

The development of isolated and well-defined single-site
Lewis acid solid catalysts that are active and selective for
new environmentally friendly chemical processes is an
urgent need and a challenging scientific target.? The dis-
covery of Ti silicalite (TS-1) as a catalyst for a series of oxi-
dation reactions and its successful industrial implementation
represented an important breakthrough in the use of Lewis
acids as heterogeneous catalysts.** The oxidation properties
of TS-1, which can selectively catalyse reactions such as al-
cohol and alkane oxidation, olefin epoxidation, hydroxyl-
ation of aromatics, and cyclohexanone ammoximation, are
related to the presence of isolated tetrahedral Ti'V atoms in
framework positions. Ti has also been incorporated into the
framework of larger-pore 12-ring zeolites™® and into meso-
porous molecular sieves.! The successful catalytic results
obtained with Ti zeolites led to the synthesis of zeolites con-
taining other transition metals in framework positions. Tin
and zirconium have been incorporated tetrahedrally into the
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and the net atomic charges on selected
atoms are proposed as predictors of re-

Lewis activity.

framework of zeolite beta® " and interesting catalytic prop-
erties, different from those of Ti zeolites, have been ob-
served in the products. For instance, Sn-beta is able to per-
form the chemoselective Baeyer—Villiger oxidation of ke-
tones and aldehydes,”!!! whereas Ti- or Zr-beta is not. On
the other hand, Ti-, Sn- and Zr-beta are all active catalysts
for the Meerwein—Ponndorf-Verley reduction of cyclohexa-
none with 2-butanol, but their activities differ.

The catalytic activity of a Lewis acid for oxidation is relat-
ed to its ability to form acid-base adducts with either the
substrate or the oxidizing agent, enhancing its reactivity. In
contrast to Bronsted acidity, however, it is very difficult to
define and quantify Lewis acidity. The formation of an
adduct implies that an electron density transfer from the
Lewis base to the Lewis acid occurs which is directly propor-
tional to the energy difference and degree of overlap be-
tween the occupied orbitals of the base and the empty orbi-
tals of the acid. Therefore, the strength of a Lewis acid
could be related to the energy of its LUMO in such a way
that the lower the LUMO energy, the easier its interaction
with a base molecule. However, other factors influence the
acid-base interaction: for example, the HSAB (hard-soft
acid-base) principle, which states that hard acids coordinate
preferentially to hard bases and soft acids with soft bases.!"”
Another factor to be considered is the possibility of electron
density back-donation from the Lewis acid to the unoccu-
pied orbitals of the Lewis base, an interaction that may or
may not occur, depending on the energy difference and
degree of overlap between the orbitals involved. Modifica-
tion of the electronic levels of both the metal and the mole-
cule, by adsorption of a molecule on the metal centre,
should also be taken into account; consequently the activity
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of a catalyst for a given reaction depends not only on the
properties of the isolated active site, but also on the changes
caused by its interaction with the reactant molecules.

With all these variables in mind, we have tried to deter-
mine the key factors influencing the activity of Ti-, Zr- and
Sn-beta in different types of oxidation reactions. In this
work we have combined an experimental study of the activi-
ty of Ti-, Zr- and Sn-beta catalysts for different reactions
with a quantum chemical analysis of the electronic proper-
ties of the isolated active sites and the initial reactant com-
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Figure 1. Schematic structures and atom labelling for the catalyst active
site (I), hydrogen peroxide adsorption complex (II), metal-hydroperoxo
species active for the epoxidation reaction (III), cyclohexanone adsorp-
tion complex (IV), complex of cyclohexanone and hydrogen peroxide re-
actants for the Baeyer—Villiger reaction (V), and benzaldehyde adsorp-
tion complex (VI).

plexes shown in Figure 1. The objective is to explain the dif-
ferences observed in the catalytic behaviour of the three
materials in terms of the molecular orbital distribution of
each system, and to find the properties or parameters that
can be used as reliable descriptors/predictors of reactivity.
These parameters will allow us to estimate whether a cata-
lyst may be active for a given reaction, information that can
be helpful at an early stage of catalyst selection.
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Results and Discussion

Catalytic performance: The behaviour Ti-beta, Zr- and Sn-
beta catalysts has been studied experimentally by measuring
the initial rates of the Baeyer—Villiger (BV) oxidation of cy-
clohexanone with H,0,, the Meerwein—Ponndorf-Verley
(MPV) reduction of cyclohexanone and benzaldehyde with
2-butanol, the epoxidation of octene and the oxidation of di-
phenyl sulfide (Table 1).

Table 1. Initial rates for the different catalysts employed in the Baeyer—
Villiger (BV) oxidation of cyclohexanone, the Meerwein—Ponndorf—
Verley (MPV) reductions of cyclohexanone and benzaldehyde in the
presence of 2-butanol, epoxidation of octene and oxidation of diphenyl
sulfide.

Initial rate [mmolh~' (g cat)™']

Reaction Ti-beta Zr-beta Sn-beta
BV, cyclohexanone 0.0 4710 26.80
MPV, cyclohexanone 0.4 65.61" 29510

MPYV, benzaldehyde 0.2l 36.6M" 10.7
epoxidation, octene 11.0 0.0 0.0
oxidation, sulfide!?! 122 (97:3) 122 (25:75) 3.5 (99:1)

[a] No significant oxidation reaction has been observed. [b] Corre-
sponding product obtained with selectivity >98%. [c] Product distribu-
tion of 70:2:28 for epoxide, glycol and glycol monomethyl ether.
[d] Product selectivity in parentheses: sulfoxide/sulfone ratio.

Sn-beta had a much higher initial rate than Zr-beta for
the BV reaction, whereas Ti-beta was inactive for this oxida-
tion. Mechanistically, the BV oxidation of ketones with hy-
drogen peroxide (Scheme 1) involves two steps: addition of
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Scheme 1. BV oxidation of ketones with hydrogen peroxide.

H,O0, to the ketone to form a tetrahedral Criegee intermedi-
ate, and concerted rearrangement of this adduct to give the
lactone product and water. The metal centre activates the
carbonyl group of the ketone, making it more reactive to-
wards the attack of the oxidant molecule.

The order of activity in the MPV reduction of cyclohexa-
none is quite similar to that of the BV oxidation: Sn-beta >
Zr-beta>Ti-beta. However, when benzaldehyde is em-
ployed as substrate in this reaction, the intrinsic activity is
higher for Zr-beta than for Sn-beta; again, Ti-beta is inac-
tive. The MPV reaction is a redox equilibrium catalysed by
a Lewis acid (Scheme 2). The reaction has been generally
supposed to proceed through a six-membered transition
state in which both the ketone and the deprotonated alcohol
are coordinated to the metal centre of a metal alkoxide cat-
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Scheme 2. MPV redox equilibrium catalysed by a Lewis acid.

alyst. The coordination of the ketone or aldehyde to the
active site polarises and activates the carbonyl group, facili-
tating the hydride transfer from the alcohol.™

In octene epoxidation, it has been found that only Ti-beta
possesses activity in the presence of hydrogen peroxide,
whereas Sn- and Zr-beta are inactive. Interestingly, in the
sulfide oxidation the activity of Zr-beta is similar to that of
Ti-beta, but the selectivity towards the higher oxidation
product, the sulfone, is higher for Zr-beta than for Ti-beta.
Sn-beta does not exhibit any catalytic activity for this reac-
tion. It seems clear that the mechanism of olefin epoxidation
with H,O, involves the adsorption of hydrogen peroxide on
the Lewis acid centre and its activation to give a hydroper-
oxo species that will attack the olefin double bond. Al-
though there has been discussion about which oxygen is
transferred to the olefin, in a recent theoretical study™ on
propylene epoxidation catalysed by TS-1 the authors con-
cluded that the mechanism proceeds by proximal oxygen ab-
straction (Scheme 3) and involves an electrophilic attack by
this oxygen atom of the olefin C=C double bond. Similar ac-
tivation of the hydrogen peroxide through formation of a
hydroperoxo species should be the first step of the sulfide
oxidation reaction.
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Scheme 3. Proximal oxygen abstraction mechanism of propylene epoxida-
tion catalysed by TS-1.

Thus, we have here two types of reaction differing in the
species that is activated initially. In the first, the hydrocar-
bon adsorption and activation on the Lewis acid site is a key
step, and competes favourably with H,O, for adsorption on
the metal centre. The second type involves the adsorption
and activation of H,O, on the Lewis acid site. Although the
active site for all the reactions is a Lewis acid, and even the
same Lewis acid site, it would probably be difficult to find a
single parameter capable of defining and explaining the re-
activity of the metal Lewis acid as an oxidation site. There-
fore, we will have to explore the relative contributions to
the global catalytic process of the different parameters (acid
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strength, HSAB, electron density back-donation, electronic
changes on the site generated by interaction with the reac-
tant molecule) involved in the formation of the acid-base
adducts with the substrate or the oxidant.

Lewis acidity and hard-soft character of the isolated active
sites: As reported in experimental and spectroscopic studies,
Ti, Zr and Sn are incorporated in the framework of beta
zeolite in tetrahedral coordination.®*!”! The optimised M—
O and M—Si distances in the substituted zeolites summarised
in Table2 are greater than the initial Si—O and Si—Si

Table 2. Average metal-oxygen, metal-silicon distances and metal-
oxygen-silicon angles, orbital energies E and hardness of the isolated
active site I.

I-Si I-Ti I-Zx I-Sn
r(M—0),, [A] 1.620 1.792 1.963 1.881
r(M=Si),, [A] 3.075 3.266 3.397 3.297
X (M-O-Si),, [°] 144.6 148.5 146.8 143.4
Enowmo [eV] -8.02 -8.01 -7.96 -7.95
ELumo [eV] 0.32 -220 -1.57 -1.50
hardness [eV] 8.34 5.81 6.39 6.45

lengths, and decrease in the order Zr>Sn>Ti, reflecting
the size of the incorporated metal atom. However, the M-O-
Si angles do not change much on average.

If we take the LUMO energy of a system as a measure of
its Lewis acid strength, the Lewis acidity of beta zeolite is
increased considerably by incorporation of a metal in the
framework. The LUMO of pure silica beta zeolite, which
has no Lewis acid character, lies at 0.32 eV, and is a linear
combination of the four antibonding o* (Si-O) orbitals. The
LUMO of Sn-beta zeolite has the same composition, but it
is 1.82 eV lower in energy, in agreement with the Lewis acid
properties reported for this catalyst. The LUMOs of Ti-beta
and Zr-beta zeolites correspond to the d,. atomic orbital on
the metal atom, and are 0.70 and 0.07 eV more stable, re-
spectively, than that of Sn-beta. According to the LUMO
energy criteria, Ti-beta should be the most acidic catalyst of
the series and Zr- and Sn-beta should have a very similar
acidity. In support of this prediction, it has been found that
Ti-beta is active for the epoxidation of olefins, whereas Sn-
and Zr-beta are not (see Table 1).

However, Table 1 also shows that the activity of Sn-beta
for the BV oxidation of cyclohexanone with H,O, and for
the MPV reduction of cyclohexanone with 2-butanol is
higher than that of Zr-beta, whereas Ti-beta is not active for
these reactions. Thus, we have taken into consideration the
HSAB principle and have approximated the chemical hard-
ness 5 of the three catalysts and two adsorbates involved, in
terms of the one-electron energies of the frontier molecular
orbitals (HOMO and LUMO), using 7~ E;jmo—Enomo!™
The values in Table 2 indicate that Ti-beta is slightly softer
than Zr- and Sn-beta, pure silica beta being the hardest ma-
terial. Since the calculated hardness for cyclohexanone is
6.04 eV, the order Ti>Zr~Sn could be expected for the in-
teraction of cyclohexanone with the catalysts and for the ac-
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tivity in the BV and MPV reactions. If we use the same ra-
tionale for epoxidation and sulfoxidation, the fact that hy-
drogen peroxide is a hard Lewis base (n = 8.28 eV) must
be considered; according to the HSAB principle, only a
weak interaction with Ti-beta should be expected. These
predictions do not agree with the experimental results, so
we conclude that the HSAB principle is the controlling pa-
rameter in none of the reactions studied.

Whereas the Lewis acid strength criterion based on the
catalyst LUMO energy can explain, by itself and to a first
approximation the order of activity observed for epoxida-
tion of olefins and oxidation of sulfides, for the reactions
(BV and MPV) in which adsorption of the reactant hydro-
carbon molecule is the key activation step we need to take
into consideration another factor, namely the electron densi-
ty back-donation from the catalyst to the unoccupied orbi-
tals of the organic reactant. Altogether, these results indi-
cate that it is not always possible to obtain general rules re-
lating reactivity with Lewis acid strength or hardness of the
isolated active sites, and that the interactions between the
substrate and the catalyst have to be analysed also.

Interaction with hydrogen peroxide as Lewis base: The
mechanism of olefin epoxidation with H,O, involves the ad-
sorption of hydrogen peroxide on the Lewis acid centre and
its activation to give a hydroperoxo species that will attack
the olefin double bond. Table 3 summarises the optimised
values of the most important geometric data, and the varia-
tion in the non-bonding orbital (NBO) occupancies and nat-
ural population analysis (NPA) atomic charges of H,O, co-

Table 3. Optimised distances of II and III, variation in the NBO occupancies X and in the NPA atomic charges
q caused by hydrogen peroxide adsorption on the catalyst and formation of the hydroperoxo intermediate,

and HOMO-LUMO energy difference X Epowmo-rumo-

ordinated to the metal cluster (Il in Figure 1) and the hydro-
peroxo species (III in Figure 1).

Hydrogen peroxide adsorption on the Lewis acid centre
involves one electron density transfer from the occupied or-
bitals of H,0O, to the LUMO of the catalyst, and formation
of two hydrogen bonds with the oxygen atoms directly
bonded to the metal. The donor-acceptor interaction be-
tween H,O, and the catalyst active site, given by the varia-
tion in the orbital occupancies 3, in Table 3, is stronger in
the case of Ti-beta than in Zr- and Sn-beta, in agreement
with the smaller HOMO-LUMO energy gap calculated for
II-Ti. The NBO analysis indicates that in all three com-
plexes the electron density moves mainly from the p, and to
a lesser extent from the p, orbitals of O,, the d,. orbitals of
the metal atom being the target orbitals in II-Ti and II-Zr.
As a result, there is a decrease in the positive charge on the
metal atom. In contrast, the positive charge on the Sn atom
is increased slightly by adsorption of H,O,; this is the most
peculiar characteristic of Sn-beta. The Sn atom cannot
accept the electron density transferred from hydrogen per-
oxide and pushes it into the lobes of the 6*(Sn—O) orbitals
located on the oxygen atoms. In agreement with this idea,
the negative charge on the four oxygen atoms directly
bonded to M is not changed significantly by adsorption of
hydrogen peroxide on Ti- and Zr-beta, but increases by
0.015 e in Sn-beta. In summary, the Sn centre just acts as an
electron pump. The optimised distances in Table 3 indicate
that the H,~O,, and H,—O, hydrogen bonds are quite similar
in the three structures.

The interaction of hydrogen peroxide with the catalyst re-
sults in a polarization of the O,—O, bond. The negative
charge on O, increases slightly
in II-Ti and to a greater extent
in II-Zr and II-Sm, while the
O, atom suffers a decrease in
its negative charge in all sys-

II-Ti 1I-Zr II-Sn HI-Ti 1-Zr III-Sn tems. The simultaneous and
r(M—Oa) [é] 2.407 2.417 2.384 1.919 2.069 2.026 apparently Contradictory elec_
r(M-0y) [A] 3332 3.349 3315 2.931 2271 2841 on density shift from the p,
10,~Oy) [A] 1.431 1.434 1.433 1.404 1452 1.450 d bital 0. and i
r(H,~0,) [A] 2.162 2217 2.040 0.989 0.984 0.990 and py orbitals on O, and in-
r(H-0y) [A] 1.954 1.894 1.920 crease in the negative charge
r(H,—0,) [A] 1.917 1.928 1.928 2.140 3.587 1.726 on the same O, atom are ex-
r(M—-0,,) [A] 1.824 1.997 1.919 2.036 2232 2.165 plained by a polarization of
Aoeep,O, [€] ~0.021 ~0.023 ~0.011 ~0.050 —0.021 _oo1s the O.~H, bond. The positive
Ay, O, [€] ~0.090 ~0.074 ~0.085 ~0.182 ~0.115 —0.035 Ccharge on the two hydrogen
AoeepyOy [€] —0.004 —0.005 —0.005 —0.008 —-0.021 —0.010  atoms of H,O, increases by ad-
Aoee POy [€] —0.003 —0.004 —0.001 —0.045 —0.100 —0.048  sorption on the Lewis acid
Ao 0*(0,~0) [e] 0.010 0.011 0.010 0.013 0.001 0009 conire, indicating that electron
Yoo [€] —0.108 ~0.095 ~0.092 0272 -0.256 —0.104 o .

density is moving from the H
Aq(0,) [eV] —0.003 —0.048 —0.055 0.026 —0.061 —0.131  atoms to the O atoms. But this
Aq(Oy) [eV] 0.025 0.032 0.034 —0.029 —0.045 —0.050  charge variation is more pro-
Ag(H,) [eV] 0.042 0.055 0.055 0.057 0.063 0069 nounced in the case of H,, thus
Aq(H,) [eV] 0.018 0.027 0.021 0.032 0.025 0036 it the increase in the
Ag(M) [eV] -0.075 —0.045 0.004 ~0.122 ~0.068 ~0.033 plaining
Ag(O,,.,)a [€V] -0.003 —0.007 —0.015 0.005 0.014 0.028  nhegative charge on O,.
To obtain the hydroperoxo
AEyxomo-Lumo [€V] 5.41 6.48 6.79 6.45 6.33 species active in the epoxida-

[a] For atom labelling, see Figure 1.
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ferred to the O, oxygen atom forming a water molecule co-
ordinated to the metal centre. Among the several possible
orientations of the ~—OOH group, which is able to form hy-
drogen bonds with different framework oxygen atoms, only
III possesses an adequate geometry for the oxygen transfer
and water formation needed in the epoxidation reaction.
Therefore, the model III depicted in Figure 1 has been con-
sidered as the active species, in which H;, O, and H, form
the leaving water molecule, the O, oxygen atom is transfer-
red to the double bond to form the epoxide product and the
rest of the atoms comprise the empty catalytic active site.
The M-O,, bond lengths increase by 0.20-0.25 A when II is
converted into III (Table 3). At the same time, a covalent
bond is formed between the metal atom and O,, with M—O,
distances between 0.35 and 0.50 A shorter in III than in IIL
A very particular interaction between the metal atom and
O, has been detected in the Zr-hydroperoxo system III-Zr,
whose optimised geometry is depicted in Figure 2. The

Figure 2. Optimised geometry of the Zr-hydroperoxo species III-Zr.

M-0, and M—0O, distances are not too different, and the
system could be better described as a n>-peroxo complex. In
agreement with this interpretation, the NBO analysis for
II-Zr shows comparable values for the electron density
transfer from the p, orbitals of O, and O, to the metal atom,
and similar values for the negative charges on O, and O,
Since an electrophilic attack by the O, atom on the =«
electrons of the C=C bond is postulated for the epoxidation
mechanism, the atomic charge on O, and the polarization of
the O,—O, bond have been proposed as predictors of reac-
tivity towards olefin epoxidation:™¥ thus, the lower the neg-
ative charge on O, and the greater the polarization or weak-
ening of the O,—O, bond, which should be broken as the re-
action proceeds, the higher the reactivity of the system. The
negative charges on O, and O, are similar in Zr-beta and
greater than in hydrogen peroxide, and therefore according
to both criteria this catalyst is not active for olefin epoxida-
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tion, in agreement with the experimental results. In the case
of the Sn-beta catalyst, the formation of the hydroperoxo in-
termediate results in slight changes in the electron distribu-
tion around the active site. Whereas during H,O, adsorption
the electron density transferred to the catalyst does not ac-
cumulate on the tin centre but is distributed further between
among the framework oxygen atoms, the formation of a
fifth Sn—O bond now induces a decrease in the positive
charge on the tin atom. At the same time, the negative
charge on the four O,,,, atoms decreases, and that on O,
and O, increases. As in Zr-beta, none of these changes po-
larises or weakens the O,—O, bond and the catalyst is inac-
tive for olefin epoxidation.

The HOMO in all the structures II and III is similar,
being a linear combination of the two p, orbitals on the O,
and O, atoms. But the composition and energies of the un-
occupied molecular orbitals depicted in Figure 3 already
suggest a different reactivity for Ti-beta. The HOMO-
LUMO energy gap in III-Ti is only 4.25 eV and therefore
the electron density transfer from hydrogen peroxide to the
catalyst increases considerably when II-Ti is transformed
into III-Ti. The occupancy of the molecular orbitals of the
hydroperoxo fragment decreases by 0.272 e, and most of this
electron density (0.182 e¢) comes from the p, orbital on O,.
As a result, the O, in III-Ti is more positively charged than
in H,O,, and this system becomes capable of the electrophil-
ic attack involved in the olefin epoxidation. Moreover, the
0%(0,-0O,) antibonding orbital seems to be more activated
by Ti-beta than by Zr- and Sn-beta catalysts. In III-Sn, the
0%(0,-O,) orbital lies at —0.24 eV, so it is considerably
higher in energy than the LUMO of the system, which is a
combination of the five 0*(Sn—-O) antibonding orbitals. In
Zr-beta, the 0%(0,~O,) orbital interacts favourably with the
d,, orbital on the metal atom, and is stabilised to —0.52 V.
The stabilizing interaction in Ti-beta between the 0*(0,-O,)
orbital and the d,. orbital on Ti is more important, and the
energy of the resulting molecular orbital is as low as
—0.88 eV. Although the occupancy of the 0%(0O,~O,) orbital
in III-Ti is not significantly higher than in III-Zr or III-Snm,
its lower energy makes it more accessible for interaction
with the HOMO of the olefin.

This is in perfect accord with the experimental results for
the epoxidation of octene. The only zeolite that was able to
catalyse this reaction was Ti-beta; Sn- and Zr-beta were
completely inactive (Table 1). Therefore, we can conclude
that for the reactions involving H,O, adsorption and activa-
tion on the Lewis acid site, the most influential parameter
of the system is the positive charge on O,, which is directly
related to the ability of the metal to accept electron density
from the peroxide fragment, and therefore to the acid
strength criteria based on the catalyst LUMO energy.

Nevertheless, since the coordination of H,O, to Zr-beta
was found to be very unusual and similar to other homoge-
neous oxidants such as V/{BuOOH, a further oxidation reac-
tion was chosen, namely sulfoxidation. This reaction is as-
sumed to have lower activation energies, and could there-
fore provide a test reaction in which all three catalysts show
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drocarbon molecule was the
key activation step. Therefore,
the interaction between the re-
actants and the active site has
been analysed in more detail,
and the possibility of electron
density back-donation from

the catalyst to the organic mol-
4 ecule has been taken into con-
0"(Q5-Op) sideration. It was explained
02t o dy, Zr + e above that the mechanism of
d? Ti+ "(04-0y) diy Zr+ G*(04-0p) these two reactions begins with
04 F  6%(0,0p) *~.0%(05-0y) .
—_— — adsorption of the ketone or the
06 ! o aldehyde on the catalyst active
08 L \ S site. Table 4 summarises the
2 5 g o most  important  geometric
1.0 ¢ d? Ti+ U B g data, variation in the NPA
12t (0a-0p) atomic charges and NBO orbi-
1.4 - ¢*(Sn-0) tal occupancies of complexes
r call , IV (cyclohexanone coordinat-
-16 | i 4" Zr/ oisn0) ed to the metal cluster) and V
48 Sdy Tit (cyclohexanone and hydrogen
' 7 POyzw peroxide coordinated to the
20 42T/ metal cluster). Corresponding
| — information concerning ad-
-2.2 dx T .
42 2Tj sorption of benzaldehyde (VI)
oy T L .
24 1 is given in Table 5.
I-Ti II-Ti 1-zr H-zr II-Sn l-Sn Cyclohexanone (or benzal-

Figure 3. Energy of the LUMOs of II (adsorbed hydrogen peroxide) and III (metal-hydroperoxo species) cal-
culated for Ti-, Zr- and Sn-beta catalysts, and composition of the ¢*(0O,-O,) orbital.

some catalytic activity. This was not the case for Sn-beta,
but Zr-beta and Ti-beta gave similar initial reaction rates
about one order of magnitude higher than the epoxidation
rate with Ti-beta. The most
surprising observation was that

dehyde) adsorption on the
Lewis acid centre involves two
different donor-acceptor inter-
actions: one electron density

shift from the organic molecule to the metal centre and one
back-donation from the catalyst to the antibonding mt*(CO)
orbital of the adsorbent. The NBO analysis indicates that

the product selectivity differed
for the two catalysts and that
the main product with Zr-beta

Table 4. Optimised distances of IV and V, variation in the NBO occupancies A, and in the NPA atomic
charges Ag caused by cyclohexanone adsorption on the catalyst, and energy difference between the m*(CO)
orbital and the catalyst HOMO.®!

was the sulfone, even at low IV-Ti IV-Zr IV-Sn V-Ti V-Zr V-Sn
conversions. This additional rM—0,) [A] 2.235 2.298 2.230 2.181 2.279 2.173
proof of the unusual hydrogen ~ "(C~0)" [A] 1232 1.237 1.240 1.236 1.240 1.244
eroxide coordination and ac- X(M-O.C) [°] 135.5 138.9 133.3 137.2 140.0 135.7
pero: X HC-0,) [A] 3.114 4.035 2916
tivation on the Zr centre is
worth further study. Aoee 2,0 [€] ~0.049 ~0.053 ~0.031 ~0.053 ~0.056 ~0.032
Acee O, [€] ~0.055 —0.024 —0.048 ~0.064 —0.024 ~0.058
Interaction with carbonyl Ay T(CO) [e] —0.009 —0.010 0.001 —0.013 -0.012 0.001
. back-d . o . Ao T#(CO) [e] 0.039 0.053 0.054 0.047 0.058 0.070
groups: back- onation e _ectS~ S [€] ~0.074 —0.034 —0.024 ~0.083 —0.034 ~0.019
As discussed above, neither
the acid strength given by the Aq(C) [e] 0.076 0.092 0.096 0.088 0.106 0.108
LUMO energy nor the hard-  Ad(0) [¢] ~0.028 ~0.095 ~0.110 ~0.039 ~0.111 ~0.137
ness of the isalated Lewis acid A7) [¢] ~0.108 ~0.070 0.007 —0.099 ~0.052 0.021
) ¢ AG(O,,..)w [€] 0.007 0.004 —0.013 0.000 ~0.001 ~0.016
sites can explain the order of ’
activity observed for the (BV  AEco) cuas Homo) [€V] 6.35 5.70 5.78 6.05 426 5.67

and MPV) reactions in which
adsorption of the reactant hy-
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[a] For atom labelling, see Figure 1. [b] /(C—O,) in cyclohexanone calculated at the same level of theory =
1215 A,
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Table 5. Optimised distances of VI, variation in the NBO orbital occu-
pancies and in the NPA atomic charges Ag caused by benzaldehyde ad-
sorption on the catalyst, and energy difference between the 7*(CO) orbi-
tal and the catalyst HOMO."!

VI-Ti VI-Zr VI-Sn
r(M—0,) [A] 2.203 2.294 2213
X(M-0.-C) [] 1271 127.7 125.5
H(C-0)" [A] 1.235 1.241 1.244
r(C-H) [A] 1.100 1.099 1.098
AoeeP,O: [€] —0.048 —0.047 —-0.028
Aoeep:O: [€] —0.057 -0.020 —0.044
AoeeT(CO) [e] —0.011 -0.012 —0.000
A T(CO) [e] 0.047 0.065 0.068
Ao 6(CH) [e] -0.013 —-0.015 -0.016
Lo, [€] —0.082 —0.029 —0.020
Aq(C) [e] 0.046 0.059 0.051
Aq(O,) [e] -0.028 —0.110 —0.113
Aq(H) [e] 0.061 0.073 0.075
Aq(CeHs) [e] 0.068 0.090 0.094
Ag(M) [e] —0.110 —0.067 —0.005
AG(O,yzn)a L] 0.007 0.002 —0.005
AE +(c0ycatatyst Homoy [€V] 5.10 4.74 47

[a] For atom labelling, see Figure 1. [b] r(C—O,) in benzaldehyde (g) cal-
culated at the same level of theory = 1.214 A, ((C-H) = 1.114 A.

the electron density moves mainly from the p, and p, orbi-
tals on the carbonyl O, atom and also from the (CO) bond
to the catalyst LUMO. In the case of benzaldehyde, there is
also a non-negligible transfer from the antibonding o*(CH)
orbital, and, as a consequence, the r(C—H) bond length de-
creases from 1.114 A in the gas phase to ~1.100 A in com-
plexes VI. The back-donation occurs between the HOMO
of the catalyst, which is a combination of the lone pairs on
the oxygen atoms of the cluster, and the LUMO of the or-
ganic molecule, which is the antibonding 7*(CO) orbital on
the carbonyl group.

For Ti- and Zr-beta, the electron density transferred from
the occupied orbitals of cyclohexanone and benzaldehyde to
the metal cluster is greater than that received by the organic
molecule through back-donation. Consequently, the electron
density on the titanium and the zirconium atoms increases
and their positive charges decrease. Furthermore, polariza-
tion of the carbonyl bond can be detected, since both the
positive charge at the carbon atom and the negative charge
at the oxygen atom increase. Although the decrease in the
occupancies X, of the cyclohexanone and benzaldehyde or-
bitals, and the polarization of the carbonyl groups (Ag(C)
and Aq(O,)), are very similar for Zr-beta and Sn-beta, the
tin metal centre, behave quite differently. As already dis-
cussed for adsorption of H,O,, the tin atom cannot accept
the transferred electron density and distributes this between
the four next-neighbour oxygen atoms of the zeolite frame-
work. Again, an increase in the negative charge on the
O,,. atoms of Sn-beta is observed after adsorption of cy-
clohexanone (Table 4). This increase, however, is not so pro-
nounced in the case of benzaldehyde (Table 5). Although
the electron density transfer from the organic molecule to

Chem. Eur. J. 2006, 12, 70677077
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the catalyst is quite similar for cyclohexanone and benzalde-
hyde, comparison of NPA atomic charge variations in
Tables 4 and 5 show differences between the two molecules.
Thus, whereas the increase in the positive atomic charge on
the C atom is close to 0.1 e in cyclohexanone, it is only
about 0.05 e in benzaldehyde. The increase in the negative
charge on the O, atom is similar in both molecules, and the
difference can be mainly related to the donating character
of the benzaldehyde benzyl ring, which becomes positively
charged after coordination to the catalyst active site.

The greatest decrease observed in the occupation of the
cyclohexanone and benzaldehyde orbitals when they coordi-
nate to the Ti centre could be expected for two reasons. On
one hand, the LUMO of Ti-beta is the most stable (cf.
Table 2) among the metal-substituted beta samples, and
therefore the electron density shift from cyclohexanone or
benzaldehyde to the metal centre, measured by the variation
in the occupancies of the orbitals analysed, is higher than in
Zr-and Sn-beta. On the other hand, the back-donation is en-
ergetically disfavoured for Ti-beta. As shown in Figure 4 for
the case of cyclohexanone, the LUMO and LUMO+1 orbi-
tals of the I'V-Ti system are the d.. and d,._,. atomic orbitals
on Ti, and the cyclohexanone w*(CO) orbital appears at
—1.14 eV, resulting in a wt*(CO)—catalyst HOMO energy gap
of 6.35eV that makes the back-donation interaction very
difficult. In contrast, the increase in the occupancy of the
*(CO) orbital given by the NBO analysis is greater in I'V-
Sn (0.054 ¢) and IV-Zr (0.053 e) than in IV-Ti, indicating a
better back-donation in these two cases. Indeed, when cyclo-
hexanone is adsorbed on Sn-beta, the ¢*(SnO) orbital is
strongly destabilised and the 7*(CO) orbital becomes the
LUMO of the IV-Sn system, resulting in a 7*(CO)—catalyst
HOMO energy gap of 5.78 eV (see Table 4) that is ~0.5 ¢
lower than for IV-Ti. In I'V-Zr, the LUMO is a linear combi-
nation of the d,. atomic orbital on Zr and the 7*(CO) mo-
lecular orbital on cyclohexanone, and the calculated energy
gap is 5.70 eV, similar to that of I'V-Sn.

The molecular orbital distribution of benzaldehyde ad-
sorption complexes VI (not depicted) is quite similar to that
of cyclohexanone adsorption complexes IV. In all three
structures, the LUMO is a linear combination of the carbon-
yl *(CO) orbital and three p, orbitals on the two ortho-
and one para-C atoms of the phenyl ring. The calculated or-
bital energies are —2.58, —2.92 and —2.92 eV for VI-Ti, VI-
Zr and VI-Sn, respectively. Since the resulting energy differ-
ences between these orbitals and the catalyst HOMOs
(Table 5), are about 1eV lower than the corresponding
values obtained for cyclohexanone, the back-donation is
more important in this case, as reflected in the higher values
of the #*(CO) orbital occupancy obtained for benzaldehyde.

The back-donation or electron density transfer from the
catalyst to the antibonding x*(CO) molecular orbital of cy-
clohexanone or benzaldehyde weakens the carbonyl double
bond and, as a result, the C—O distance increases and the
Voo vibration frequency is shifted to smaller values. When
cyclohexanone was adsorbed on Ti-, Zr- and Sn-beta cata-
lysts, the Avco vibration frequency shifts measured by IR
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Figure 4. Energy of the LUMOs of I (isolated Lewis centres), IV (adsorbed cyclohexanone) and V (complex
of reactants for the Baeyer—Villiger reaction) calculated for Ti-, Zr- and Sn-beta catalysts, and composition of

the LUMO in I and the 7t*(CO) orbital in IV.

spectroscopy were —32, —42 and —48 cm™! respectively.”’)
These values indicate that the degree of cyclohexanone acti-
vation by the catalysts follows the order Ti < Zr < Sn, which
is the order observed for the activity of the catalysts for the
BV and MPV reactions.

When hydrogen peroxide coordinates to the O,, atom of
the catalyst, as in V-Ti, V-Zr and V-Sn, to initiate the
Baeyer-Villiger reaction, the HOMO of all the new systems
is not located on the catalyst, but is a linear combination of
the lone pairs or p, orbitals on the O, and O, atoms of
H,0,, so that the back-donation to the nt*(CO) orbital of cy-
clohexanone occurs from the lone pair or p, orbital on O,.
Since the *(CO)-catalyst HOMO energy gap in structures
V is smaller than in systems IV, there is a reinforcement of
the back-donation interaction reflected in greater values of
the occupancies of the m*(CO) orbital, in longer C-O, dis-
tances, and in greater positive charges on the C atom. At
the same time, there is a stabilization of the catalyst LUMO
that causes an increase in the electron density transfer from
cyclohexanone to the metal centre. This is reflected in a
slight decrease in the occupancies of the cyclohexanone
bonding and nonbonding orbitals, and causes a shortening
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of the M—O, distances when
going from IV to V. However,
the behaviour of tin and zirco-
nium catalysts cannot be ex-
plained only in terms of ener-
getic criteria, because although
the energy gap in V-Zr is con-
siderably smaller than in V-Sn,
the degree of back-donation is
considerably greater in Sn-
beta. As discussed in refer-
ence [16] for Sn-beta, the rela-
tive orientation of cyclohexa-
none and hydrogen peroxide in
: V strongly favours the overlap
between the p, orbital on O,
and the mt*(CO) orbital of cy-
clohexanone. This is true for
the case of Sn, for which the
C—0O, calculated distance is
2.916 A, but not for Zr, with a
calculated value of r(C-O,) of
4.035 A. The difference in or-
bital overlap for Zr- and Sn-
beta could explain the much
better performance of Sn-beta
in the BV reaction. Sn-beta
has a much higher initial rate
than Zr-beta, and Ti-beta is
completely inactive for this ox-
idation (Table 1).

Since the mechanism of the
MPV reaction involves a hy-
dride transfer from the secon-
dary C atom of the alcohol to
which the hydroxyl group is bonded to the C atom of the
carbonyl group, either the positive atomic charge on the car-
bonyl C atom or the polarization or weakening of the CO
bond, related to the occupancy of the n*(CO) orbital, could
be used as a predictor of reactivity towards the MPV reac-
tion. Both criteria suggest a higher reactivity for the Zr- and
Sn-beta catalysts, in agreement with the experimental re-
sults. However, whereas the initial rates measured for the
MPYV reaction of cyclohexanone with 2-butanol catalysed by
Sn-beta are about 4.5 times higher than those catalysed by
Zr-beta, when the reactant is benzaldehyde the reverse
order is found, and the Zr-beta catalysed reaction is about
3.4 times faster than the Sn-beta catalysed one. This behav-
iour can be directly related only to the positive charge on
the carbonyl C atom. The Ag(C) values calculated for adsor-
bed cyclohexanone (Table 4) follow the order IV-Zr <IV-Sn,
whereas in the case of benzaldehyde (Table 5) the trend is
VI-Zr>VI-Sn. In addition, for each catalyst, the Ag(C)
values calculated for cyclohexanone are higher than those
obtained for benzaldehyde, in agreement with the higher re-
action rates observed for cyclohexanone reduction.

5*(Sn-0

——

1

i 6*(Sn-0)

I-Sn IV-Sn

»

V-Sn
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Activity prediction for other metal-containing catalysts:
Once the parameters that describe the reactivity of the
three Lewis acid catalysts studied were identified (the
LUMO energy and the variation in the net atomic charge
on the O, atom to describe the epoxidation and sulfide oxi-
dation reactions, and the C—O bond length and the net
atomic charge on the carbonyl C atom in the BV and MPV
reactions), we used them to predict the reactivity that other
catalysts would possess if they could be obtained with differ-
ent metal atoms tetrahedrally coordinated in framework po-
sitions of beta zeolite. Tetravalent Mo, Ru, Ge and Se, to-
gether with trivalent Sc and Ga, have been included in this
theoretical study. For Sc and Ga, the negative charge gener-
ated in the framework by substitution of a tetravalent Si
atom by a trivalent atom has been compensated with a
proton.

The results summarised in Table 6 indicate that the stron-
gest Lewis acids would be Ru- and Mo-beta catalysts, with
calculated LUMO energies lower than —3.2 eV, followed by
Ti- and Se-beta catalysts, whose LUMOs lie at approximate-
ly —2.0eV. There is a correlation between the LUMO
energy of the isolated active site I and the change in the net
atomic charge on the O, atom in the hydroperoxo inter-
mediate III; that is, the more stable the catalyst LUMO, the
higher the degree of electron density transfer from the or-
ganic fragment to the metal. As a result, the Ag(O,) in Mo-
and Ru-beta systems is positive and greater than that ob-
tained for Ti-beta. Therefore, if Mo'¥ and Ru'Y could be in-
troduced in the framework of beta zeolite, the resulting sys-
tems would be expected to show a large catalytic activity for
olefin epoxidation and sulfide oxidation reactions.

The Lewis acid strength of the rest of the systems is lower
than that of Zr- and Sn-beta, and therefore they are not sup-
posed to be active for olefin or sulfide oxidations. Ge- and
Ga-beta systems are the weakest Lewis acids, but the ability
of the Ga-substituted system to activate cyclohexanone is
not negligible. According either to the C—O bond length or
to the positive charge on the C atom, the activity of Sc- and
Ga-beta for the BV and MPV reactions should be similar to
that of Zr-beta. However, neither Ge- nor Se-beta would be
able to activate carbonyl groups. Mo- and Ru-beta are spe-
cial cases. Except for these two systems, there is a linear cor-

Table 6. Calculated parameters for other metal-containing models of Sn-beta zeolite: LUMO energy and
nature of the isolated active site I, variation in the NPA atomic charges g on the O, atom in the peroxide spe-
cies ITI, and CO optimised bond lengths and NPA atomic charges on the C atom in the cyclohexanone adsorp-

tion complexes IV.

FULL PAPER

relation between the calculated C—O bond lengths and the
positive charges on the C atom: the longer the C—O bond,
the greater the positive charge on the C atom. But in IV-Mo
and IV-Ru, the r(C-O) values suggest a degree of cyclohex-
anone activation even higher than that obtained for I'V-Sn,
whereas the calculated ¢(C) values are among the lowest.
The reason is related to the partially filled d shell of these
two atoms. Except for Mo- and Ru-substituted systems, the
HOMO in IV is localised on the framework oxygens, and
the n*(CO)-HOMO energy difference is greater than
5.7 eV. In IV-Mo and I'V-Ru, the catalyst HOMO is a d orbi-
tal on the metal centre, and the calculated t*(CO)-HOMO
energy difference is considerably smaller: 3.44 eV for IV-Mo
and 4.44 eV for IV-Ru. This produces a greater degree of
electron density transfer from the catalyst to cyclohexanone,
which is reflected not only in the lengthening of the C—O
bond but also in the less positive atomic charges. Since g(C)
is the most important descriptor of reactivity for BV and
MPYV reactions, neither Mo- nor Ru-beta should be expect-
ed to be active for this type of reaction.

Conclusion

The catalytic activity of Bronsted acids has frequently been
correlated with their intrinsic acid strength, that is, to their
ability to form acid-base adducts through proton transfer.
In contrast, in the case of Lewis acids as catalysts for oxida-
tion reactions there is only a certain degree of electron den-
sity transfer from the base to the acid. It has been observed
that the parameters to be considered in order to describe
the more complicated Lewis acid-base interaction are: the
intrinsic acid strength of the active site; the back-donation
from the Lewis acid to the empty orbitals of the base; and
the changes in the electronic levels of the active site caused
by its interaction with the reactant molecules.

It has been found that for those reactions involving ad-
sorption and activation of H,O, on the Lewis acid site to
give a hydroperoxo species, the activity of the catalyst is di-
rectly related to its acid strength measured as LUMO
energy. Thus, the lower the LUMO energy, the greater the
electron density transfer from the peroxide fragment to the
metal and therefore the higher
the catalyst activity. However,
for those reactions in which
the species initially adsorbed
and activated is the hydrocar-

1 I v bon, the acid strength criteria
M Evuwo [eV] LUMO Aq(O,) [e] r(C-0) [A] q(C)le]  based on the LUMO ener
gy
Scttt —1.15 d. Sc 1.237 0.678 cannot explain the order of ac-
Ti‘IVV —-2.20 d.Ti 0.025 1232 0.668 tivity. In these cases, the hydro-
Zr W -1.57 dz Zr —~0.061 1.237 0.684 carbon is not directly bonded
Mo —3.28 dp . Mo 0.071 1.242 0.639 b 1 di d h
Ru"Y 341 de_y Ru 0.224 1240 0.657 ut only coordinated to the
Ga! ~0.12 *(Ga—0) 1.237 0.681 metal, and the electron density
Ge' —0.29 0%(Ge—0) 1.225 0.639 back-donation and the elec-
Sn™ -1.50 0%(Sn~0) —0.132 1.240 0.688 tronic changes in the active
Se —2.01 p Se —0.013 1.226 0.634
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scribe the acid-base interaction. It has been found that the
back-donation to the st*(CO) orbital causes an increase in
the C—O bond lengths, a shift to lower values of the v¢q vi-
bration frequencies (calculated and measured experimental-
ly) and an increase in the positive charge on the carbonyl C
atom. Although all these variables are related, it has been
found that only the g(C) charge can explain the activity of
all catalysts for the BV and the MPV reactions for cyclohex-
anone and benzaldehyde.

Taking into account the variables that have been found to
determine the catalytic activity for each type of reaction, the
behaviour of several metal-substituted hypothetical catalysts
has been predicted.

Experimental Section

Models and methods: The catalytic activity of Ti-, Zr- and Sn-containing
zeolites is related to the presence of isolated tetrahedral M"Y atoms in
framework positions. Metal incorporation is energetically disfavoured be-
cause it causes important geometric distortion around the substituting
atom, due to the greater size of MO, compared to tetrahedral SiO,. In
the presence of water and under suitable conditions, the hydrolysis of
one or more M—O—Si bonds can occur, resulting in a local relaxation of
the structure at the M sites. Moreover, during the adsorption process, the
metal atom has to interact with the reactants and increase its coordina-
tion number; this will be easier in the more flexible partially hydrolysed
sites. Previous theoretical and spectroscopic work!"®!”) showed that the
active sites in the Sn-beta catalysed Baeyer—Villiger oxidation of cyclic
ketones are framework tin centres with one hydrolysed Sn—O—Si bond.
Similarly, it was found that Ti sites adjacent to Si vacancies in TS-1 latti-
ces, and therefore having at least one Ti—OH bond, are more reactive for
propylene epoxidation than fully coordinated Ti sites.'*'s! Therefore, a
model with one hydrolysed M—O—Si bond (I in Figure 1) has been used
in this work to simulate the Lewis acid centres.

To determine an adequate size for the cluster of atoms used to simulate
the Lewis acid centres that would be adequate, we have performed a
series of preliminary calculations on the interaction betweeen cyclohexa-
none and the Sn-beta active site using clusters that included two, three
and four coordination spheres around the Sn atom. The results obtained
with the larger model were in agreement with experiments, and therefore
a cluster of atoms containing a Si atom in the T9 position (Si() and
four coordination spheres around it was cut out from the periodic struc-
ture of pure silica beta zeolite,'” and one of the Si(19)~O—Si(—0); groups
was substituted by a Sir9~O—H group. The dangling bonds that connect-
ed the cluster to the rest of the solid were saturated with H atoms at
1.49 A from the Si atoms and orientated towards the positions occupied
in the crystal by the oxygen atoms in the next coordination sphere; the
result was a model with 68 atoms. Then, the Siry, atom was substituted
by Ti, Zr and Sn to give models I-Ti, I-Zr and I-Sn, respectively. The
other structures in Figure 1 were obtained by coordinating hydrogen per-
oxide (II), cyclohexanone (IV), and cyclohexanone plus H,0, (V)as reac-
tants for the BV process, and benzaldehyde (VI) on models I, whereas
III was obtained from II through deprotonation and reorientation of
H,0,.

The geometries of all the structures in Figure 1 were optimised by means
of the ONIOM scheme!®?!! as implemented in the Gaussian 03 computer
program.”” The ONIOM approach subdivides the real system into a
model system, which is described at the highest level of theory, and sub-
sequent parts or layers which are computed at progressively lower and
computationally cheaper levels of theory. In this work, the model system
included the M atom, the four oxygen atoms in the first coordination
sphere, the Si or H atoms bonded to them and the adsorbed molecules.
The coordinates of these atoms were completely optimised with the den-
sity functional B3PW91 method™?! using a LANL2DZ effective core
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potential basis set for Ti,”! Zr®! and Sn,* and the standard 6-31G(d,p)
basis set?’”! for C, O, Si and H atoms. The rest of the system was treated
at the Hartree-Fock level using the 3-21G basis set,”*>¥ and only the co-
ordinates of the terminal H atoms were kept fixed at their original posi-
tions. The combination of levels of theory (DFT/DZP:HF/3-21G) and
the size of the model system chosen for the ONIOM calculations has
been reported to provide results in excellent agreement with those ob-
tained with full DFT periodic calculations.* Finally, orbital energies and
occupancies and atomic charges were produced by natural bond orbital
(NBO) methods.” These electronic properties were obtained from full
DFT calculations in which all the atoms of the model were treated at the
previously described B3PW91 level.

Catalyst preparation: The beta catalysts were prepared in fluoride media
following literature procedures”!***¥ and were calcined at 853 K for
3 h. The zeolites showed high crystallinity, and no peaks of SnO,, TiO, or
Zr0O,, respectively, were found by XRD. Nitrogen adsorption experi-
ments on the calcined beta samples gave an isotherm very similar to that
of pure silica beta with a micropore volume of 0.21 cm*g™! and BET sur-
face areas of 450475 m?g". Silicon/metal ratios obtained from the metal
contents determined by atomic absorption were: Si/Sn 108:1, Si/Ti 132:1,
Si/Zr 116:1.

Catalytic reactions

Baeyer-Villiger (BV) oxidations: Cyclohexanone (108 mg) was mixed
with aqueous hydrogen peroxide (136 mg, 35% )and dioxane (3.0 g). A
sample (50 mg) of the catalyst was added and the reaction mixture was
heated to 90°C for 1 h. The progress of the reaction was monitored by
gas chromatography (HP-5 column, 15 m x0.32 mm, 0.5 pm with a suita-
ble temperature program). The initial rates were calculated after 5 and
15 min reaction time for Sn- and Zr-beta, respectively.

Meerwein—Ponndorf-Verley (MPV) reductions of cyclohexanone: A por-
tion (3.42 g) of a stock solution prepared from cyclohexanone (855 mg)
and 2-butanol (33.36 g) was placed in a round-bottom flask and a sample
of the catalyst (7.5 mg Sn-beta, Zr-beta; 40 mg Ti-beta) was added. The
progress of the reaction was monitored by gas chromatography (HP-5
column, 15 mx0.32 mm, 0.5 pm with a suitable temperature program).
The initial rates were calculated after 5, 15 and 240 min reaction time for
Sn-, Zr- and Ti-beta, respectively.

Meerwein—Ponndorf-Verley (MPV) reductions of benzaldehyde: A
sample of the catalyst (50 mg) was added to benzaldehyde (136 mg) and
2-butanol (3.34 g) in a round-bottom flask. The reaction mixture was stir-
red vigorously and heated to 100°C. The progress of the reaction was
monitored by gas chromatography (HP-5 column, 15 m x0.32 mm, 0.5 um
with a suitable temperature program). The initial rates were calculated
after 15, 5 and 120 min reaction time for Sn-, Zr- and Ti-beta, respective-
ly.

Epoxidation of I-octene: Octene (94 mg), hydrogen peroxide (23 mg,
35%), nonane (7.0 mg; internal standard) and methanol (607 mg) were
mixed in a 5-mL vial and a sample of the catalyst (5 mg) was added. The
reaction mixture was stirred vigorously and heated to 60°C. The progress
of the reaction was monitored by gas chromatography (HP-5 column,
15 mx0.32 mm, 0.5 um with a suitable temperature program). The initial
rate for Ti-beta was calculated after 30 min reaction time. For Sn- and
Zr-beta no conversion could be detected at this reaction time.

Sulfoxidation of diphenyl sulfide: A sample of the catalyst (50 mg) was
added to a mixture of diphenyl sulfide (572 mg), aqueous hydrogen per-
oxide (115 mg, 35%) and acetonitrile (3.01 g) in a round-bottom flask.
The progress of the reaction was monitored by gas chromatography (Car-
bowax column, 15 mx0.32 mm, 0.5 pm with a suitable temperature pro-
gram). The initial rates were calculated after 5 min for Ti- and Zr-beta,
and after 45 min for Sn-beta.
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