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Zeolites are being used as solid acid catalysts in a number of
commercial processes.1 Occasionally zeolites are also reported
to perform as electron transfer agents.2 Recently, we observed
that radical cations of certain olefins and thiophene oligomers
can be generated spontaneously within ZSM-5 zeolites.3 We
noticed that these radical cations generated from diphenyl
polyenes and thiophene oligomers were remarkably stable (at
room temperature) within ZSM-5 and can be characterized
spectroscopically at leisure. Synchrotron X-ray powder dif-
fraction structural studies oftrans-stilbene-ZSM-5 and bithio-
phene-ZSM-5 complexes, reported recently by us,4 strength-
ened our original view that their stability derives from their
unique arrangements within the channels of ZSM-5. While this
high stability is useful for structural and spectroscopic charac-
terizations, lack of reactivity restricted their chemical utility.
With this as the background, we have initiated a program on
electron transfer processes within large pore zeolites.5 The basis
of this approach is that once a cation radical is generated within
a large pore zeolite, it will have sufficient room to undergo a
molecular transformation. Our aim is to identify a condition
under which electron transfer can be routinely and reliably
carried out within large pore zeolites such as faujasites. To
our great surprise, when benzonorbornadieneA and a number
of olefins were included in divalent cation exchanged faujasites,
they were transformed into products very quickly (<15 min).
This observation allowed us to explore the use of zeolites as
oxidants. Results of our studies on benzonorbornadiene are
presented in this communication.6

The experimental procedure consisted of stirring known
amounts of benzonorbornadieneA and activated Ca Y in
hexane.7 The solution turned yellowish in color immediately
upon addition ofA to hexane containing Ca Y. However, within

minutes, the color faded significantly suggesting thatA has been
transformed into products. The solution was stirred for several
hours at room temperature, filtered, and washed with hexane.
The combined hexane washings showed neither the presence
of A nor any other products. However, extraction of the zeolite
with methylene chloride and GC analyses of the extract showed
several products (Scheme 1). Such a reaction did not occur
whenA was stirred with monovalent cation (Na, K, Rb, and
Cs) exchanged X and Y zeolites. A careful study revealed that
this reaction is unique to Mg, Ca, and Sr Y zeolites. While
dark reaction occurred in Mg, Ca, and Sr X zeolites, it was
slow and incomplete. Both Ba X and Ba Y were found to be
inert. No such oxidation occurred within Ca-exchanged LS X
zeolites. The difference between X, Y, and LS X zeolites is
only in the Si/Al ratio that constitutes the framework of the
zeolite; the Si/Al ratio for Y, X, and LS X, respectively, are
1.54, 1.24, and 1.0.8

The exact product distribution (Scheme 1, Figure 1) was
dependent on the condition of inclusion. When the zeolite and
the solvent hexane were very dry and the loading level ofA
was less than 0.25 (one molecule per four supercages), only
reduction and solvent addition products1 (>90%) and2 (<10%)
were obtained. When the addition was conducted under wet
conditions (six molecules of water per supercage was adsorbed
onto the previously dried Ca Y)exo-benzonorborneol3a was
obtained as the sole product. The ratio of3 to (1 + 2) can be
controlled by regulating the amount of water present within the
supercage. When the inclusion was conducted in methanol,3b
was obtained as the only product. When the loading level was
greater than 1 (more than one molecule per supercage), products
4 and 5 were formed in addition to1 and 2. In all cases,
products accounted (isolated yield) for>90% of the disappear-
ance ofA. Our routine experiments were carried out on a 50
mg ofA in 300 mg of Ca Y scale. In every case we were able
to isolate∼45 mg of products. Products1, 3, 4, and5 were
isolated and identified by comparing their spectral data with
the literature reports.9 Product2 was obtained as a mixture of
several addition products of hexane and was identified only by
mass spectral data.
A general mechanism for the formation of1-5 fromA within

Ca Y is presented in Scheme 2. We suggest that the reactions
listed in Scheme 1 are initiated by an electron transfer process.
This proposition is supported by the fact that diffuse reflectance
spectra of several olefins (1,1-diphenylethylene,trans-stilbene,
trans-p,p′-dimethoxystilbene, and 1,4-diphenylbutadiene) in-
cluded in Ca Y agreed with those of the corresponding radical
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cations.10 Since the radical cation spectrum of benzonorbor-
nadiene is not available in the literature, we are unable to provide
unequivocal evidence in favor of radical cation formation in
this case. Indirect support in favor of radical cation formation
come from experiments carried out to probe whether protonation
by Bronsted acid sites present within Ca Y is the initiating
process. When benzonorbornadiene was included in H Y zeolite
(Bronsted acid form of Y), none of the above products were
obtained. Benzonorbornadiene was found to be stable in
aqueous HCl. These two observations suggest that protonation
may not be the primary step.
Reactions of benzonorbornadiene radical cation have not been

reported in the literature. However, radical cation from nor-
bornene, a molecule similar to benzonorbornadiene, undergoes
hydrogen abstraction from solvent acetonitrile.11 Considering
the behavior of norbornene, the formation of1 and 2 from

benzonorbornadiene is not surprising. It is known that depend-
ing on the medium, the radical cation can react from either the
cation or the radical end.12 The addition of water and methanol,
we believe, occurs from the trapping of the cationic part of the
radical cation.
Speculations abound regarding the nature of the oxidizing

site.2 A Bronsted acid site, Lewis acid site, and an extra lattice
aluminum site have been suggested as possible sites of oxida-
tion.13 The role of oxygen in generating oxidizing sites is also
a subject of speculation.14 It is not clear how these oxidizing
sites are generated. Although we are unable to provide any
insight into the nature of the oxidizing site, results obtained
within X, Y, and LS X zeolites are noteworthy. While Y with
a Si/Al ratio of >1.5 is very active, X with a Si/Al ratio of
∼1.24 is moderately active, and LS X with a Si/Al ratio of 1.0
is not active at all. Further, while divalent cation exchanged Y
zeolite is active, monovalent cation exchanged zeolite Y is inert
as an electron transfer agent. Also, among divalent cation
exchanged zeolites, Ba Y is inert. These observations are
consistent with the model that defect/strain is generated on the
framework of the zeolite when divalent cation balances two
distantly located negative charges on the zeolite surface. As
the Si/Al ratio decreases, the negative charges are located closer
to each other, and less defect/strain is generated. This is
supported by the fact that when high aluminum is present on
the framework (LS X) the zeolite is inert even with Ca2+ as the
cation. Also, when the cation is large in size such as Ba2+,
balancing the distantly located negative charges on the frame-
work becomes easier, and no defect/strain on the framework
results. What is surprising is that we are able to oxidize
quantitatively more than 50 mg of substrate per 300 mg of the
zeolite. This corresponds to 2.5 molecules per supercage. Such
a large conversion is against our speculation of defect sites being
responsible for the oxidation process. We are in the process of
examining the role of oxygen in the electron process within
zeolites.15

It is clear that the divalent cation exchanged zeolites are to
be treated cautiously when they are used as the reactive media
for photochemical reactions. What is significant with this
zeolite-mediated electron transfer pathway is its simplicity and
the mild conditions needed to achieve this. We are in the
process of examining the nature of the oxidizing site and
expanding the systems that can be subjected to mild oxidation
within zeolites.16
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Figure 1. Loading level dependent product distribution upon inclusion
of benzonorbornadiene within Ca Y. For product structures correspond-
ing to numbering, see Scheme 1.
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