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A Multisite Molecular Mechanism for Baeyer—Villiger Oxidations on Solid
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Abstract: The molecular mechanism of
the Baeyer—Villiger oxidation of cyclo-
hexanone with hydrogen peroxide cata-
lyzed by the Sn-beta zeolite has been
investigated by combining molecular
mechanics, quantum-chemical calcula-
tions, spectroscopic, and kinetic tech-
niques. A theoretical study of the loca-
tion of Sn in zeolite beta was per-
formed by using atomistic force-field

to the experimental properties of
quartz and SnO,(rutile). The tin active
site has been modeled by means of a
Sn(OSiH;);OH cluster, which includes
a defect in the framework that provides
the flexibility necessary for the interac-
tion between the adsorbates and the
Lewis acid center. Two possible reac-
tion pathways have been considered in
the computational study, one of them

involving the activation of the cyclo-
hexanone carbonyl group by Sn (1)
and the other one involving hydrogen
peroxide being activated through the
formation of a tin-hydroperoxo inter-
mediate (2). Both the quantum-chemi-
cal results and the kinetic study indi-
cate that the reaction follows mecha-
nism 1, and that the catalyst active site
consists of two centers: the Lewis acid

techniques to simulate the local envi-
ronment of the active site. An intera-
tomic potential for Sn/Si zeolites,
which allows the simulation of zeolites
containing Sn in a tetrahedral environ-
ment, has been developed by fitting it

zeolites

Introduction

Heterogeneous catalysis is one of the disciplines that has in-
troduced numerous breakthroughs in the field of chemical
reactivity. This is reflected in the large number of industrial
processes that are based on solid catalysts. Until recently,
most of the advances were made on the basis of chemical in-
tuition and analogies. However, it is becoming generally ac-
cepted that major breakthroughs in the field of heterogene-
ous catalysis will come through a better understanding of
the catalytic mechanisms at a molecular level. To do this, we
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Sn atom to which cyclohexanone has to
coordinate, and the oxygen atom of the
Sn—OH group that interacts with H,O,
forming a hydrogen bond.

reac-

can combine well-defined catalyst synthesis methods, in situ
characterization techniques, powerful quantum-chemical cal-
culations, and kinetic experiments. We will show here that
by applying this multidisciplinary approach we are able to
propose a molecular mechanism for Baeyer—Villiger oxida-
tions on a solid catalyst using H,O, as the oxidant.

The Baeyer—Villiger reaction involves the oxidation of a
ketone to an ester or lactone [Eq. (1)].!

L. ——" LC_R M

Peracids like trifluoroperacetic acid, perbenzoic acid, and
m-chloroperbenzoic acid have been traditionally used as oxi-
dants in the Baeyer—Villiger reaction. However, they show
important disadvantages such as the lack of selectivity due
to the ability of the peracids to oxidize other functional
groups, the production of large amounts of carboxylic acid
waste which has to be recycled and can catalyze undesired
side reactions, and safety issues.">¥ For these reasons, at-
tempts have been made to replace peracids by hydrogen
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peroxide which is commercially available, easy to handle,
and only generates water as a side product. Pt-, Zr-, Re-, Se-,
As-, and Mo-based? homogeneous as well as solid cata-
lysts®! have been reported to activate hydrogen peroxide for
Baeyer—Villiger oxidations. Recently, Corma et al.l¥! showed
that Sn-beta, with Sn tetrahedrally coordinated in the zeolite
framework, is highly active and selective for the Baeyer—Vil-
liger oxidation of several ketones and aldehydes with hydro-
gen peroxide. To explain the high chemoselectivity ob-
served, it was proposed that the catalyst does not activate
hydrogen peroxide but instead activates the carbonyl group
of the ketone or aldehyde making this more reactive to-
wards H,0O, attack.

The classical Baeyer—Villiger mechanism involves two
steps (see Scheme 1): 1) addition of the peracid to the
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Scheme 1. Structures involved in the noncatalyzed Baeyer—Villiger reac-
tion mechanism.

ketone to form a tetrahedral adduct known as the Criegee
intermediate and 2) concerted rearrangement of the Criegee
intermediate to give the ester or lactone product and a car-
boxylic acid. The second step, that is, the migration step, is
usually rate-determining, but depending on the reaction con-
ditions and the organic reactant, addition can become in
some cases the rate-determining step. When hydrogen per-
oxide is used as the oxidant, water is obtained as a product
instead of an acid, but the reaction is supposed to proceed
through the same mechanism.

Theoretical studies on the mechanism of Baeyer—Villiger
oxidations of ketones and aldehydes with peracids and hy-
drogen peroxide in the homogeneous phasel’ have been
presented that take into account acid catalysis as well as
substituent and solvent effects. With respect to metal cataly-
sis, only two computational studies on the mechanism of Ti
and Sn-catalyzed Baeyer—Villiger oxidations of ketone with
hydrogen peroxide have been reported in the literature.”” In
these papers, the catalytic active site was modeled with
small Ti(OH), or Sn(OH), unconstrained clusters, which are
useful to investigate general reactivity trends but cannot re-
produce the behavior of real metal-containing molecular-
sieve catalysts. In particular, it has been recently shown!”!

6906 ——

www.chemeurj.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

that the stability of certain reaction intermediates is marked
by the local environment of the zeolite active site. Neverthe-
less, through detailed theoretical mechanistic work, the au-
thors concluded that there are two pathways for the forma-
tion of the Criegee intermediate, one of which begins with
the formation of a tin—hydroperoxo species. They also con-
cluded that a mechanism in which tin activates the ketone
carbonyl group cannot explain the rate enhancements ach-
ieved with tin-containing redox molecular-sieve catalysts.
Because in our case we were not able to identify by differ-
ent spectroscopic methods the formation of tin hydroperox-
ide and yet, on the contrary, we observed the interaction of
the carbonyl group with the Sn atoms in Sn-beta zeolite,™
we decided to perform a detailed mechanistic study of the
Baeyer—Villiger reaction using H,O, as the oxidant. Thus, in
the present work, the mechanism of the Baeyer—Villiger oxi-
dation of cyclohexanone with hydrogen peroxide catalyzed
by Sn-beta zeolite has been studied by using computational
methods and experimental kinetics based on the absolute
rate theory. Two possible reaction pathways have been con-
sidered: the classical one involving activation of the hydro-
gen peroxide and formation of a tin-hydroperoxo intermedi-
ate that will attack the ketone carbonyl group, and an alter-
native mechanism in which tin activates the carbonyl group
of the ketone, making it more reactive towards H,O, attack.
Both the theoretical calculations and the experimental ki-
netic study indicate that the reaction mechanism requires
two close sites and involves activation of the cyclohexanone
carbonyl group by the Sn atom and weak bonding of H,O,
onto a Sn—OH group, but not the formation of a tin-hydro-
peroxo intermediate.

Results and Discussion

Noncatalyzed reaction mechanism: The structures involved
in the mechanism of the gas-phase or noncatalyzed Baeyer—
Villiger oxidation of cyclohexanone with hydrogen peroxide
are shown in Scheme 1, together with the optimized values
of their most important geometric parameters. Initially, cy-
clohexanone and hydrogen peroxide form a hydrogen-
bound complex R which is 7.1 kcalmol ™' more stable than
the separated reactants. Then, through transition state TS,4q,
the H, and O, atoms of H,0, add to the oxygen and carbon
atoms of the carbonyl group, respectively, breaking the H,—
O, bond and yielding the Criegee intermediate (CI), which
is 4.4 kcalmol™' more stable than R. The C—O, and C—O,
distances in this structure correspond to single bonds, and
the C atom is tetrahedrally coordinated. The activation
energy for the addition step, calculated as the energy differ-
ence between TS,44 and R, is high (31.6 kcalmol™") because
all the bond breaking and formation occurs through a strain-
ed four-membered ring. In a second step, and in a concerted
manner, the O,—O, bond breaks, the O, atom is inserted
into the C—C’ bond, the H, atom moves towards O,, and the
carbonyl group is regenerated. The activation energy calcu-
lated as the energy difference between TS, and CI is
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42.9 kcalmol !, indicating that this is the rate-determining
step. This process is irreversible and yields a complex be-
tween e-caprolactone and a water molecule (P) that is
58.4 kcalmol ™' more stable than R. The geometries and en-
ergies obtained are similar to those previously reported for
the reaction of acetone and hydrogen peroxide,”®! and in
agreement with the experimental observation that Baeyer—
Villiger oxidation of ketones with H,O, needs catalytic acti-
vation to occur.

Selection of the Sn-beta active-site model by the adsorption
study of reactants and products: In order to better under-
stand the nature of the interaction between the tin active
site and the substrates and products (adsorption constants
and heats of adsorption), and choose an appropriate model
to describe the reaction mechanism, we initially studied the
adsorption of water (WA), hydrogen peroxide (HP), cyclo-
hexanone (CH), and e-caprolactone (LA) on the three clus-
ter models described in the Experimental Section. It can be
seen in Table 1 that adsorption energies on cluster A are

Table 1. Adsorption energies [kcalmol '], Sn—O,4eomae distances [A], and
CO vibrational frequency shifts [cm '] calculated for water (WA), hydro-
gen peroxide (HP), cyclohexanone (CH), and e-caprolactone (LA) adsor-
bed onto the different cluster models used in this work. All shifts are
scaled by the factor 0.9573 as recommended in reference [8].

Cluster WA HP CH LA
E 4 A -39 -53 -1.6 —6.6
A’ —-12.9 —11.6 -10.0 —14.1
B —-13.9 —12.4 -9.7 —145
(76.6)["’]
B-w =79 -89 —-4.9 -10.4
(—14.DE (~14.0)
Sn—0 450rbate A 2.599 2.858 2.889 3.059
A’ 2.304 2.368 2.290 2.316
B 2.302 2.363 2.431 2472
B-w 2239 2.314 2218 2228
Ao A —26.6 -275
A’ —63.5 —102.7
B —62.0 —84.6
B-w —75.6 -107.8

[a] Coordinated to O through a hydrogen bond.

considerably smaller than those on clusters A’ and B, and
that the optimized Sn—O,4pae distances in the rigid model
are between 0.3 and 0.7 A longer than in the more flexible
systems. The reason for this is that the Sn-beta catalyst is a
Lewis acid that tends to accept electron density from the
Lewis base molecules present in the reaction medium. The
most important donor—acceptor interaction occurs between
the HOMO of the dissolved molecule, which is in all cases
the lone pair or p, orbital on the oxygen atom, and the
LUMO of the catalyst, which is a combination of the four
0;_0 antibonding orbitals. This interaction implies a length-
ening of the four Sn—Oy,mework distances that is more difficult
in the rigid cluster model, this being the reason for the low
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adsorption energies and long Sn—O4mae. distances obtained
with cluster A.

In the case of cyclohexanone and e-caprolactone, there is
a second donor—acceptor interaction 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 organic
molecule, which is the antibonding m), on the carbonyl
group. This interaction weakens the CO double bond, and
as a result the CO bond length increases and the o vibra-
tion frequency is shifted to smaller values. The calculated
shifts of the 7, vibrational frequencies obtained for model
B agree well with the experimental values of —48 and
—70 cm ™' that we observed in the IR spectra of cyclohexa-
none and e-caprolactone adsorbed on Sn-beta. The results
obtained with model A’ are slightly worse for the lactone,
while model A provides A¥o values that are too small. It
can therefore be concluded that a certain degree of flexibili-
ty in the structure of the framework Sn site is necessary to
allow the interaction between the dissolved molecules and
the tin center to occur. Model A’, in which one -OSiH;
group is set completely free in the geometry optimizations,
is not real because the zeolite framework does no allow
such deformations. Therefore, model B, which represents a
catalyst in which one of the Sn—O—Si bonds has been hydro-
lyzed, was used to study the zeolite-catalyzed reaction mech-
anisms.

Model B has further consequences for the reaction mech-
anism. For the IR experiment and the adsorption study pre-
sented in this section, only one reaction center and one sub-
strate molecule have been considered. However, in the next
sections it is shown that in the presence of molecules that
are prone to hydrogen bonding (WA and HP), these types
of hydrogen bonds are formed with the oxygen atom of the
Sn—OH group. Consequently, the Sn-beta catalyst active site
has to be considered as bifunctional, and adsorption ener-
gies should be considered for a pair of substrates: one acting
as Lewis base coordinated to the Sn center and the second
one responsible for the hydrogen bonding of H,O, on the
oxygen of the Sn—OH group, that in turn significantly influ-
ences the coordination of Sn.

Sn-beta-catalyzed reaction mechanisms

Mechanism 1: According to this mechanism (Scheme 2), tin
activates the carbonyl group of adsorbed cyclohexanone
making it more reactive towards the attack of hydrogen per-
oxide. The optimized values of the most important geomet-
ric parameters of the structures involved are summarized in
Table 2, and the calculated energy profile is depicted in Fig-
ure la. In the first step, both CH and HP are adsorbed onto
the active site forming the reactants complex R1. It is to be
noted that in this structure the O, atom of the CH carbonyl
group coordinates to the Sn atom, with a resulting Sn—O,
distance of only 2.2 A, while HP does not directly interact
with tin but forms a hydrogen bond with the Os atom of the
zeolite catalyst. The relative orientation of CH and HP in
structure R1 is very favorable for the addition step, the dis-
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Scheme 2. Structures involved in the Sn-beta-catalyzed Baeyer—Villiger
reaction mechanism 1.

Table 2. Optimized values of the most important distances [A] of the
structures involved in mechanism 1. The atom labeling is shown in
Scheme 2.

R1 TS1 CIl TS2 P1
rSn—0, 2210 2.060 1.940 2.037 2.221
rO—C 1.240 1.300 1.400 1.327 1.238
rC-0, 2.824 1.783 1.438 1.340 1.312
rO,—0O, 1.440 1.431 1.459 1.804 3.144
rO,~H, 0.991 1.166 1.977 11498 0.9801!
rOs—H, 1.703 1.228 0.979 1.253 1.773
rSn—0s 1.947 2.031 2.389 2.028 1.938

[a] Distance rO,—H,.

a)
204 z+R TS2
- TS1
0 e e
Rf cH = KAy
-60| WP

148 -630 —47.9
(9.0) (-62.8) (=53.1)

AE /kcalmol* 141 00 59 -33
(8.8) (0.0) (2.5) (-5.6)

tance between O, and the C atom of the carbonyl group
being only 2.8 A. In the transition state TSI, the carbonyl
double bond weakens and the interaction between O, and
the Sn atom increases. The H, atom is transferred from the
hydrogen peroxide to Os, and a bond is formed between the
carbonyl C atom and O,, yielding the Criegee intermediate
CI1. The activation energy for this concerted process, calcu-
lated as the energy difference between TS1 and R1, is low
(5.9 kcalmol ') because all the bond breaking and bond for-
mation occurs through a 6-membered ring. In the Criegee
intermediate CI1 there is a single bond between O, and the
tin center and quite a strong hydrogen bond between O,
and H,, and the structure is 3.3 kcalmol ™' more stable than
R1.

In the second reaction step, that is, the rearrangement
step, the Sn—O, bond weakens and the carbonyl double
bond is regenerated. At the same time, the O, oxygen atom
is inserted into the C—C’ bond, the O,—O, bond is broken,
and the H, hydrogen atom is transferred from Os to O,, re-
sulting in the formation of a water molecule. The whole pro-
cess occurs in a concerted manner through transition state
TS2, with an activation barrier with respect to CI1 of
18.1 kcalmol . The reaction product P1 is a molecule of &-
caprolactone coordinated to the tin center and a water mol-
ecule forming a hydrogen bond with the Os atom of the cat-
alyst model. The reaction energy, calculated as the energy
difference between P1 and R1, is similar to that obtained
for the noncatalyzed process (ca. —60 kcalmol ™).

The Baeyer—Villiger oxidation of acetone with hydrogen
peroxide was theoretically studied by Sever and Root®! by
using a Sn(OH), cluster to simulate the tin active site. They
proposed a reaction path with an addition step similar to
that obtained in this work, although their calculated activa-
tion barrier was higher, 11.1 kcalmol . However, they con-
sidered that in the rearrangement step, the O,—H, fragment
is transferred from the hydrogen peroxide to the tin center,
and that another Sn—O bond has to be broken to yield a

water molecule as a product.
This process is clearly less fa-
vorable energetically than the
reaction path proposed in our
work.

Mechanism 2: The initial step
in mechanism 2 (see Figure 1b
and Scheme 3), is the forma-
tion of a tin-hydroperoxo spe-
cies (Z-OOH) from adsorbed

b) TS-O0H
+CH

20 o zwp OhZOOH
. +CH

S 4CH~ =R TS3 TS4

0 = = —

R2 ci2
60

AE /kcalmol™ 123 7.1 197 113 00 59 -32 25

Figure 1. Calculated energy profiles for the Sn-beta-catalyzed reaction mechanisms 1 and 2 (a and b, respec-
tively). The values in brackets for mechanism 1 have been obtained with model B-w.
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hydrogen peroxide (Z-HP)

TS5 through transition state TS-
OOH. HP coordinates to the
L Z+P active site both by interaction

" pp

of the lone pair of O, with the
empty 0;’;_0 antibonding orbi-
tals and by one hydrogen bond
between H, and the O, atom
of the cluster. Then, through
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Scheme 3. Optimized geometries of the structures involved in the mecha-
nism of tin-hydroperoxo intermediate formation (top) and of the three
complexes obtained by adsorption of cyclohexanone on this tin—hydro-
peroxo intermediate (bottom). Distances in A.

transition state TS-OOH, there is a proton transfer from the
O, atom coordinated to Sn to the Os atom of the cluster
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file is depicted in Figure 1b. In the case of R3 it was not pos-
sible to localize any transition state converting the reactants
complex into a reaction intermediate that could finally yield
the e-caprolactone product. With respect to R4, a reaction
mechanism starting from a ketone bound to the H atom of
the Sn(OH);—OOH group (a system equivalent to R4) was
investigated by Sever and Root,® and they concluded that
the activation barriers involved were so high that it would
not occur to any significant extent. The reason for these
high activation barriers is that a mechanism starting from
this structure is almost equivalent to that obtained in the
gas-phase or noncatalyzed process, and therefore we have
not investigated this path either.

As shown in Figure 1b and Scheme 4, R2 is converted
into the Criegee intermediate CI2 through transition state
TS3 with activation energy of 5.9 kcalmol . In a concerted
manner, the O, bound to Sn attacks the carbonyl C atom,
the CO double bond weakens, and the H, proton attached
to Oy is transferred to the carbonyl O, atom. If the opti-
mized geometries of CI2 and the CI structure obtained in
the noncatalyzed process are compared, it is found that CI2

Table 3. Optimized values of the most important distances [A] of the
structures involved in mechanism 2. The atom labeling is shown in
Scheme 4.

R2 TS3 CI2 TS4 CI3 TSS P2
model, with a calculated activation barrier of 12.6 kcalmol ™. Sn0, 1967 2051 2368 269 3237 3111 3706
In the resulting product, the O, atom is more strongly  ,sn-0, 2806 2853 3.193 2826 2346 2086 1917
bound to tin and more negatively charged (¢=—0.57¢) than rO,—0, 1449 1439 1452 1453 1459 1948 3269
in the Z-HP complex (g=-—0.38¢), while the O,—O, and rC-0, 3472 2181 1485 1449 1442 1303  1.329
O,—H, distances do not change significantly. The reaction is re-0. 1230 1268 1374 1400 1385 1322 1224
K 1 rO—H, 1.574 1.145 0.978 0.983 0.979 1.038 1.676
endothermic by 4.2 kealmol™. MH-O; 1010 1255 1820 1800 1816 1464 0998
Once the tin-hydroperoxo intermediate Z-OOH is rSn—Os 2185 2036 1930 1937 1927 1982 2218
formed, adsorption of cyclohexanone onto the active site
can occur in three ways: 1) in-
teraction of the O, atom of the
carbonyl group with the H, O B BE B B
atom forming quite a strong c O O O 1
hydrogen bond (structure R2 \\C."c ?‘\\Qc C~op, /C\oc
in Scheme 3), 2) coordination Hb—o\b : y /ob\;' H Pb\o/a |l| Ho O, |1|
of the carbonyl group to the 0, Fliz ’ O Hy o ?\
Sn atom (shown in structure ol ] 0% o | Ot ot Ot ot 08
R3), and 3) interaction of O, s’ 2lsn’-—,, , " — si’ /Sn»,,/ s /Sn'»,/ si’ \,s”/
with H, through another o9 ?2 ?3 |2 ?3 ?2 ?3
strong hydrogen bond, as s S L s st si S L s S|
shown in structure R4. The R2 S3 clz TS4
calculated CH adsorption en- [ Bk q
ergies for these complexes are O O Co—¢
not too different: —11.3, >0 é’/ckoc ’ Yo,
—10.4, and —9.9 kcalmol ! for O o :
R2, R3, and R4, respectively. Hs= Qs a H—0, H. H; Tb |';L.
The complete mechanism for s ‘\‘ os o Lo 64\ 0°
the reactIi)on of R2 is shown Si/o \,S”v.,,/ s’ jsn/ s’ /Snj
in Scheme 4, the optimized C|>2 /?3 ?2 ?3 |2 ?3
geometries of these structures Si S L si s ] si  Si
are summarized in Table 3, CI3 TS5 P2
and the calculated energy pro-  Scheme 4. Structures involved in the Sn-beta-catalyzed Baeyer—Villiger reaction mechanism 2.
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can be considered a Z-CI com-
plex in which the organic frag-
ment is bound to the active

Table 4. Adsorption energy [kcalmol '], CO bond length [A], scaled stretching frequency [cm '], net atomic
charge on the carbonyl C atom [e], C—O, distance [A], orbital energies [au], and HOMO-LUMO energy gap
[eV] of cyclohexanone coordinated to H,O, and forming different adsorption complexes with Sn-beta catalyst.

site through one donor—accept- Eos rCO Vco e+ rC-0, Eomo'”! Erumo!” AE
or Sn—O, interaction and two CH 1.215 1753.8 0.439 —0.013

. R 71 1.223 17229 0.460 3.460 ~0246 ~0.032 5.82
uite strong hydrogen bonds
quite 1g s 3y gen b Z-CH 97 1230 16945 0506 —0279' ~0.063 5.88
(rO~Hy=1753,  rOsH,= 7 cn 49 1236 16783 0.0 ~0271% ~0.067 5.55
1.820 A). In a second step, CI2  R1 -8.8 1.240 1654.0 0.517 2.824 —0.268 —0.056 577
is converted into a different re- (—147)
action intermediate. CI3. of R2 —13 1230 16922 0.485 3472 —0.241 ~0.042 5.42
similar  stabilit In’ struc’ture R3 ~104 1.235 1679.6 0.501 3.838 —0.243 —0.069 473
1 1y R4 99 1227 1708.6 0.470 3738 0272 —0.047! 6.12

CI3, the OOH fragment has

been reoriented so that the O,
atom is interacting with tin,
while the O, atom is ready to
attack the C—C' bond. The
process occurs through transi-
tion state TS4 with an activation energy value of only
5.7 kcalmol . The Sn—O, and Sn—O,, distances in TS4 are
similar, and the tin atom shows nearly octahedral coordina-
tion, this being the reason for the low activation barrier. Fi-
nally, in transition state TS5, the O,—O, bond is broken, the
O, atom is inserted into the C—C’ bond, and the H, atom is
transferred to Os;, regenerating the carbonyl CO double
bond. The reaction product obtained, P2, consists of a e-cap-
rolactone molecule forming quite a strong hydrogen bond
with the water molecule coordinated to the tin active site.
The activation energy for the rearrangement step, calculated
as the energy difference between TS5 and CI3, is high, at
14.6 kcalmol . However, if we take as the origin of energies
the Z-HP + CH system (see Figure 1b), the rate-determining
step in mechanism 2 would not be the rearrangement of
CI3, but the initial formation of the tin hydroperoxo inter-
mediate.

Although the activation energies for the addition and re-
arrangement steps of mechanisms 1 and 2 are quite similar,
comparison of the calculated energy profiles depicted in
Figure 1 shows that while adsorption of the reactants to
form R1 is exothermic by 14.1 kcalmol™!, mechanism 2 re-
quires the initial formation of the Z-OOH species with a net
energy cost of 7.4 kcalmol™'. Also, in a previous study*! we
measured the diffuse-reflectance UV-visible spectrum of a
sample of Sn-beta zeolite treated with H,0, and we did not
observe any band that could be associated with a Sn—~OOH
species. Therefore, on the basis of energetic considerations
and taking into account the available experimental results, it
could be concluded that the Sn-beta-catalyzed oxidation of
cyclohexanone by H,0O, follows mechanism 1.

Cyclohexanone activation: Activation of the CH carbonyl
group implies a weakening of the CO double bond, which is
reflected in a longer CO bond length, a smaller vibration
frequency (7o), and a higher positive charge on the carbon
atom. These variables, together with calculated adsorption
energies, C-O, distances, and HOMO and LUMO orbital
energies of several systems are listed in Table 4. It can be
seen that CH is better when activated by Sn-beta instead of
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[a] Localized on O—O, as depicted in Figure 6. [b] n}, of CH. [c] Combination of the p, orbitals on the O
atoms of the cluster. [d] Considering that HP is initially coordinated to the Os atom. [¢] LUMO+1. The
LUMO is the 403, and lies at —0.051 au.

by HP in the homogeneous phase, the larger degree of acti-
vation being found in structure R1. As previously explained,
activation of CH is caused by the donor—acceptor interac-
tion between the HOMO of HP or the catalyst system and
the antibonding 7}, orbital of CH. The strength of this in-
teraction depends on the HOMO-LUMO energy gap (AE
in Table 4) and on the relative orientation and overlap of
the orbitals involved. When the carbonyl group interacts
with a proton through a hydrogen bond (like in structures
R, R2, and R4) the n%, orbital is slightly stabilized, but the
decrease in this orbital energy caused by direct coordination
of the CO group to the Sn atom is more important. With re-
spect to the HOMO, it is a combination of the lone pairs on
the oxygen atoms of the cluster in the case of the Z-CH
complex. But in all other structures (R and R1-R4), the
HOMO is a combination of the lone pairs on the two
oxygen atoms in the O—O fragment, as depicted in Figure 2.
The smallest HOMO-LUMO energy gap is obtained for

c.\_‘ Hp

Figure 2. HOMO orientation in the reactant complexes studied in this
work.
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structure R3, in which CH is coordinated to the Sn atom in
the Z-OOH hydroperoxo intermediate. However, the C-O,
distance in this structure is 3.8 A, and the orbital lobes are
orientated in such a way that the HOMO-LUMO overlap is
small. Something similar occurs in structures R2 and R4,
with large C-O, distances and a small orbital overlap. On
the contrary, in structure R1 the C-O, distance is as small
as 2.8 A and the orbital lobe located on O, is directly point-
ing to the carbonyl group. This orientation allows a good
overlap between the HOMO and LUMO orbitals, this being
the reason for the larger degree of CH activation obtained
in the R1 structure involved in mechanism 1.

Kinetics: The kinetic rate equation for the Baeyer—Villiger
oxidation of cyclohexanone by hydrogen peroxide catalyzed
by Sn-beta was deduced by considering that the reaction fol-
lows mechanism 1, and that the catalytic active site consists
of two centers: the tin atom incorporated into the zeolite
framework at which cyclohexanone has to be coordinated,
and the oxygen atom of the Sn—OH group
prone to accepting hydrogen bonding. The ki-
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one of the centers, the Sn atom. However, as the e-caprolac-
tone concentration is zero at the beginning of the reaction
and we are working with initial rates, its concentration was
not included in the kinetic equation. In contrast, water is
always present at the beginning of the reaction in considera-
ble amounts and consequently the initial concentration of
H,0 was included in the adsorption term of the kinetic
equation. It can be seen in Figure 3 that the relationship be-
tween the inverse of the initial reaction rate (r ') and the
water concentration is not linear at high water concentra-
tions, indicating that the order of the water concentration in
the denominator of the kinetic equation is higher than one.
This means that water may compete with cyclohexanone for
coordination to the Lewis acid center and with hydrogen
peroxide for coordination to the oxygen of the Sn—OH
group, and therefore its coordination, without deprotona-
tion, to the first center was also taken into account. From all
these considerations the following initial rate equation
[Eq. (2)] was derived:

k[CH],[HP],

netic study was performed by applying initial o=

rates methods. In order to check whether the

water (WA) and e-caprolactone (LA) generated

during the reaction adsorb onto the active site and thus
have to be included in the kinetic rate equation, the inverse
of the initial reaction rate was plotted against WA and LA
concentrations, as shown in Figure 3. The linear relationship
obtained for e-caprolactone indicates that it can adsorb on
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Figure 3. Effect of water (top) and e-caprolactone (bottom) concentration
on the inverse of the initial reaction rate for Sn-beta-catalyzed oxidation
of cyclohexanone with hydrogen peroxide.
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(7 K,[CH], Ky [FP], + K. WAlp) (1  K,[HP], T K WA],) 2

in which ry=initial reaction rate, [CH],=1initial concentra-
tion of cyclohexanone, [HP],=initial concentration of hy-
drogen peroxide, [WA],=initial concentration of water, k=
rate constant =k[S];, K,=adsorption constant of cyclohexa-
none at the tin center, K, =adsorption constant of hydrogen
peroxide at the tin center, K.=adsorption constant of water
at the tin center, K;=adsorption constant of hydrogen per-
oxide at the oxygen center, and K, =adsorption constant of
water at the oxygen center.

In order to reduce the number of parameters in Equa-
tion (2), the following approximations have been consid-
ered: we have assumed that the adsorption constant for
H,0, is the same at the two sites (K,=K,), and that the
same applies for the adsorption of water (K.=K,). Follow-
ing this, initial reaction rates were calculated by dividing
conversion by time at levels of conversion below 10 %, and
working under the following experimental conditions:
A) working with an excess of cyclohexanone and changing
the initial concentrations of hydrogen peroxide/water as the
limiting reactant, B) studying the effect of water in the pres-
ence of the same excess of cyclohexanone as in (A) with hy-
drogen peroxide as the limiting substrate, and C) changing
the initial concentration of cyclohexanone in the presence of
an excess of hydrogen peroxide/water. By working under re-
action conditions A, B, and C, the kinetic rate and adsorp-
tion constants can be calculated as shown in Equations (3)-

(6):

Kk, = P[Pl 3)
m

([[};P]B —1 4

=i Y
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k = s(Ky + 3.5K,)*[HP]¢ (5)
mk[CH],—1

K=o, ©

in which m, p, and s are the gradients of the slopes in Fig-
ures 4, 5, and 6, and ¢ is the y intercept in Figure 5. A good
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£ 104
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Figure 4. Inverse of the initial reaction rate versus the inverse of the hy-
drogen peroxide concentration at 60, 70, and 80°C. Regression lines are
as follows: at 60°C, y=1.16x+17.1, R*=0.9567; at 70°C, y=0.525x+
9.37, R*=0.9297; at 80°C, y =0.258x+4.27, R*=0.9084.
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Figure 5. Inverse of the initial reaction rate versus water concentration at
60, 70, and 80°C. Regression lines are as follows: at 60°C, y=36.2x+
15.3, R*=0.9963; at 70°C, y=16.2x+7.34, R*=0.9774; at 80°C, y=
7.60x+3.54, R?=0.9648.
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Figure 6. Initial reaction rate versus cyclohexanone concentration at 60,
70, and 80°C. Regression lines are as follows: at 60°C, y=0.296x, R*=
0.9753; at 70°C, y=0.165x, R*=0.9821; at 80°C, y=0.0882x, R*=0.8636.
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fit of the experimental results to the above equations can be
observed in Figures 4-6. The calculated kinetic rate and ad-
sorption constants at different temperatures, as well as the
true activation energy and the heats of adsorption for cyclo-
hexanone, H,0,, and water are summarized in Table 5. The
derivation of Equations (3)-(6) and the experimental data
used to obtain Figures 4-6 are available in the Supporting
Information.

Table 5. Experimental values of the rate constant k [min~'] and the ad-
sorption constants K,, K, and K, at the three temperatures [°C] used in
the kinetic study, and the activation energy and heats of adsorption [kcal
mol~].

T k K, (CH) K, (HP) K. (WA)
60 117 122 2.64 2.96
70 187 8.50 2.62 272
80 29.9 639 236 259
Eo 11.0

Eus -7.6 -13 ~16

An activation energy value of 11 kcalmol™! has been ob-
tained experimentally for the Baeyer—Villiger oxidation of
cyclohexanone with hydrogen peroxide, a value somewhat
lower than the activation energy calculated (14.8 kcalmol ™)
for mechanism 1 using cluster B to simulate the catalyst
active site, and which corresponds to the energy difference
between the transition state for the rearrangement step
(TS2) and the reactants complex (R1).

Competitive adsorption on the active sites: The Kkinetic
study shows that WA competes with CH for coordination to
the Sn center and with HP for coordination to the O atom
of the Sn—OH group, while LA only adsorbs onto the Lewis
acid center. The heats of adsorption for those molecules cal-
culated theoretically are given in Table 1. They indicate that
WA favorably competes with HP and CH for adsorption on
Sn atoms. Thus, as water is always present in excess in the
reaction medium, we can assume that one water molecule
will permanently be bound to tin during the reaction, and
consequently the catalyst active site will be better described
by the (H;Si);Sn(H,O)OH complex than by the
(HS1);SnOH model used before. Therefore, the new cluster
denoted as cluster B-w, has been used in this section as a
model for the catalyst active site, and the results obtained
have been included in Table 1. It was found that coordina-
tion of any of the molecules considered to the Sn atom of
cluster B-w is more difficult than for cluster B. This can be
explained by considering that adsorption of the first WA
molecule destabilizes the LUMO of the catalyst, the energy
of which rises from —0.064 to —0.046 au, thus making it
more inaccessible to the HOMO of the Lewis bases. At the
same time, the net atomic charge on Os increases from
—0.796e in model B to —0.824e in model B-w, facilitating
the hydrogen interaction with WA and HP. Thus, adsorption
of WA and HP onto Os is more exothermic than on Sn
when model B-w is used, and the calculated heats of adsorp-
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tion for both molecules on Os are similar (—14.0 kcalmol ™).
In order to check the effect that a molecule of water perma-
nently coordinated to tin has on the reaction path previously
obtained, mechanism 1 has been recalculated using cluster
B-w as a model for the active site. The optimized Sn—OH,
distance in the cluster model is 2.303 A, and it varies be-
tween 2.278 and 2.377 A as the reaction proceeds, indicating
that the water molecule is all the time strongly bound to the
tin atom. The optimized geometries of all the structures cal-
culated with cluster B-w are equivalent to those obtained
with cluster B, and are available in the Supporting Informa-
tion (Table S7). The energy results are included in brackets
in Figure la. As previously mentioned, adsorption of HP
and CH onto a Sn atom that has a coordinated water mole-
cule is energetically disfavored with respect to the H,O-free
tin center. This destabilization of the reactants complex R1
on model B-w with respect to that obtained with model B
causes a decrease in the calculated activation energies for
the addition and rearrangement steps of ~2 and 4 kcal
mol ™', respectively. The activation barrier for the Baeyer—
Villiger reaction calculated as the energy difference between
the transition state for the rearrangement step (TS2) and
the reactants complex (R1) is 9.0 kcalmol !, which is in
better agreement with the value of 11 kcalmol ™' obtained
experimentally.

With respect to e-caprolactone, the heat of adsorption is
about 5 kcalmol™ higher than that for cyclohexanone, re-
gardless of the cluster model considered (see Table 1). Inter-
estingly, water interacts more strongly with e-caprolactone
than with cyclohexanone, as can be deduced from the ener-
gies of formation of the complexes CH-WA (—5.62 kcal
mol ') and LA-WA (—11.9 kcalmol ™). Taking into account
this interaction and using model B-w to simulate the active
site, the calculated adsorption energies for cyclohexanone
and e-caprolactone are —9.5 and —9.6 kcalmol™!, respective-
ly. A quantitative comparison between the adsorption ener-
gies obtained from the quantum-chemical calculations and
from the kinetic study is difficult, due to the errors involved
and the various additional stabilizations included in solution.
One option could be to calculate the adsorption energy of
two molecules at once, as for example in the adsorption of
the reactants (Z+R—R1). In this case, the kinetic estima-
tion for the sum of the adsorption energies of CH and HP is
—8.9 kcalmol™!, versus —8.8 kcalmol™ obtained from the
theoretical calculations using model B-w to simulate the cat-
alyst active site (see Figure 1).

In summary, it can be concluded that the catalyst active
site exists as a (=Si0);Sn(H,O)OH species, with at least one
water molecule permanently coordinated to tin, and that ad-
sorption of e-caprolactone onto tin or adsorption of a water
molecule onto either tin or the basic O atom lowers the re-
action rate.

Chem. Eur. J. 2005, 11, 6905-6915
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Conclusion

The mechanism of the Baeyer—Villiger oxidation of cyclo-
hexanone with hydrogen peroxide catalyzed by Sn-beta zeo-
lite has been theoretically investigated and compared with
the gas-phase process. Based on the results obtained, a ki-
netic model has been proposed and validated with experi-
mental data.

It has been found that a certain degree of flexibility in the
framework is needed to allow the interaction between the
tin center and the molecules present in the reaction medium
to occur, a flexibility which can be provided by Sn—OH de-
fects present in the framework. The theoretical study indi-
cates that the zeolite active site consists of two catalytic cen-
ters: the Lewis acidic Sn atom on which the cyclohexanone
carbonyl group is activated and an adjacent basic oxygen
atom prone to forming hydrogen bonds. Adsorption of hy-
drogen peroxide onto this second center results in the for-
mation of a complex (R1) in which the orientation of the
two reactants is very favorable for the Baeyer—Villiger oxi-
dation. The complete mechanism for the Sn-beta-catalyzed
oxidation of CH with HP involves conversion of R1 into a
Criegee intermediate, and subsequent rearrangement of this
intermediate into e-caprolactone and a water molecule, with
an apparent activation energy no higher than 6 kcalmol™!
(mechanism 1). On the other hand, activation of HP
through formation of a tin—hydroperoxo species is endother-
mic by 4 kcalmol ™! and requires activation energy of almost
13 kcalmol ™!, which makes this mechanism (mechanism 2)
less probable.

The kinetic study supports reaction mechanism 1. The re-
lationship between the inverse of the initial reaction rates
and the water concentration is linear only at low water con-
centrations, indicating that water adsorbs onto both the
Lewis tin center, competing with CH for this site, and onto
the basic O atom to which HP has to coordinate. As water
is always present in excess in the reaction medium, its effect
on the calculated mechanism has been investigated. The re-
sults indicate that the active site could be better described
by a (H;Si);Sn(H,O)OH model, in which a water molecule
becomes permanently bound to tin. The activation energy
calculated with this model is in agreement with the value
obtained from the kinetic study.

Experimental Section

Models and computational methods: Zeolite beta is a large-pore synthet-
ic zeolite with a three-dimensional 12-ring channel system. There are two
straight channels in the [100] and [010] directions, and a third sinusoidal
channel located parallel to the [001] direction in the A polymorph. These
channels intersect, leading to an open-pore structure. The secondary
building units consist of 6-, 5-, and 4-membered-ring cages, each of them
facing at least one side to a 12-membered-ring channel. Within this crys-
tal structure there are 9 crystallographically different positions, designat-
ed as T1 through T9. Zeolite beta crystallizes in a tetragonal P4,22 space
group with lattice parameters a=12.661, b=12.661, and c¢=26.402 A,
and has 192 atoms in the conventional unit cell.”}
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In the first step, a theoretical study of the location of Sn in zeolite beta
was performed by using atomistic force-field techniques and the GULP
code."” In order to model realistically the features of the Si—Sn substi-
tution in a solid, a new force field was parameterized to take into account
the features of Sn in a zeolite framework. A description of the force field
used and the interatomic potential parameters obtained are available in
the Supporting Information. In these periodic calculations, one Si atom
per cell is substituted by Sn (Si/Sn ratio=63), and all the atoms of the
cell and also the cell parameters are allowed to relax, so that the relevant
features of structural flexibility of the solid are reproduced. This study in-
dicates that, from a thermodynamic point of view, only T7, T8, and T9
crystallographic positions of beta zeolite allow the accommodation of
one Sn atom per unit cell, the calculated Si—Sn substitution energies
being 13.8, 13.6, and 13.5eV for T7, T8, and T9 positions, respectively.
Sn incorporation in the T9 crystallographic position (see Figure 7) causes
the displacement of two of the four oxygen atoms bound to Sn towards
the inner part of the cavity, resulting in smaller Sn-O-Si angles. These
oxygen movements allow the accommodation of the large Sn—O bonds
with small variations in the Sn—Si distances, the deformation of which is
energetically less favorable.

” s N oo 8

:900: ,ﬁ.>, PO‘O

e q

Figure 7. Optimized structure of beta zeolite with Sn (black balls) intro-
duced in the T9 position.

A cluster of atoms was then cut out from the optimized structure of beta
zeolite with Sn introduced in the T9 position. It contains the Sn atom,
the four oxygen atoms in the first coordination sphere, and the four Si
atoms bound to them. The dangling bonds that connected 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 resulting cluster, Sn-
(OSiH,),, is denoted as model A. In order to check whether defects in
the framework may facilitate the reaction, a Sn(OSiH;);OH system
(model B) was created by substituting one siloxyl group in cluster A by
one hydroxyl group. The coordinates of the organic molecules, the Sn, O,
and Si atoms of both clusters and the H of the hydroxyl group in cluster
B were completely optimized in all calculations, while the H terminations
of the Si atoms were kept fixed at the original positions in the crystal. A
third series of calculations was performed in which the H terminations of
one siloxyl group in cluster A were also optimized. By doing this, we
made sure that the flexibility of this model, denoted as A’, and model B
were the same, and consequently that any differences found in the results
obtained were caused by the nature of the catalyst and not by the differ-
ent constraints imposed on the model. Geometry optimizations were per-
formed by using the density functional B3PW91 method,'!! a LANL2DZ
effective core potential basis set for Sn,!'"” and the standard 6-31G(d,p)
basis set!™® for C, O, Si, and H atoms. The nature of every stationary
point was characterized by means of frequency calculations and analysis
of the vibrational modes, and all calculated energies were corrected for
the zero-point vibrational energies (ZPE). Due to the restrictions im-
posed on the H terminations of the cluster models, some imaginary vibra-
tional modes with frequencies lower than 100 cm~! have sometimes been
obtained, but in all cases it has been checked that they are associated
with the movement of these H terminations and not with the atoms in-
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volved in the reaction path. All DFT calculations were performed by
using the Gaussian 98 computer program.'¥

Synthesis of the molecular sieves: Sn-beta was synthesized according to
literature procedures.**™™ The Sn content (2.0 wt% of SnO,) was deter-
mined by using atomic absorption analysis. The Sn-beta zeolite was cal-
cined at 853 K for 3 h. A high crystallinity of the zeolite was observed by
X-ray diffraction (XRD) analysis, and no peaks of SnO, were found in
the diffractogram. Nitrogen adsorption experiments on the calcined beta
samples gave an isotherm very similar to that of pure silica beta with a
micropore volume of 0.20-0.21 cm*g™" and BET surface areas of 450—
475 m?g ",

General procedure for the Baeyer-Villiger oxidation: Sets of four reac-
tions were carried out on a multibatch high-throughput automatic reactor
(for description of the apparatus see reference [16]). Each reaction was
carried out in a 1.5 mL glass vial with magnetic stirring. Cyclohexanone,
hydrogen peroxide, optionally water, optionally e-caprolactone, and diox-
ane were mixed at the concentrations given in the Supporting Informa-
tion. Then, after reaching the reaction temperature, the catalyst (5 mg)
was added and the reaction started. The analysis was performed within
90 s, on a 3 m HP-5 column. This system allowed an analysis to be carried
out in each reactor every eight minutes.
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