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Hole-Catalyzed and Photoassisted Hole-Catalyzed Pericyclic 
Reactions on Zeolites 

The initial observations of single electron acceptor (hole) catalysis of cycloaddition reactions by 
zeolites are reported. Both spontaneous and photoassisted zeolite hole catalyses are observed for 
several conjugated organic substrates including dienes and styrenes. The zeolite hole catalyst sites 
are characterized as very mild in comparison to aminium salt hole catalysts and are subject to 
competition from Bronsted acid-catalyzed processes in some cases. Q 1985 Academic press, IW. 

INTRODUCTION 

Catalysis of the Diels-Alder reaction by 
single electron acceptor (hole) catalysts has 
been shown to provide a powerful and 
highly selective format for the cycloaddition 
of neutral or electron-rich dienophiles to 
conjugated dienes (Z-5). The propagation 
cycle of the cation radical mechanism pro- 
posed for these reactions (Scheme 1) con- 
sists of a pericyclic step, which involves the 
cycloaddition of a cation radical to a neutral 
species, and an electron transfer step, 
which neutralizes the cation radical cy- 
cloadduct and generates more chain-carry- 
ing cation radicals. The enormously en- 
hanced rates of cycloaddition of cation 
radicals to neutrals, relative to the corre- 
sponding cycloaddition of two neutral mol- 
ecules, make possible catalytic factors of 
lOi* or greater (5). Zeolites (molecular 
sieves) are among the most widely used and 
important catalysts in the chemical industry 
as a consequence, partly, of their shape se- 
lectivity but also as a result of their excep- 
tional Bronsted acidity (6). Zeolites are also 
known to posses distinct Lewis acid sites at 
which ionization of neutral substrates to 
cation radicals (especially aromatic cation 
radicals) can occur (7-9). This communica- 
tion reports the first observations of the 
ability of zeolites to function as hole cata- 
lysts for pericyclic reactions. Analogous 
hole catalysis on doped montmorillonite 
clay has been observed in very recent work 
(10). 

METHODS 

A variety of conjugated dienes and 
styrenes was stirred with a zeolite sus- 
pended in dichloromethane solution, at 
room temperature or with reAuxing, for 
various periods of time. Zeolites of the 
13X, 5A, and 4A types (for convenience, 
beads or extrudate pellets were preferred) 
were obtained from Aldrich and used di- 
rectly. The results with the wide-pore (13X) 
sieves were far superior and are empha- 
sized in this paper. Although used less ex- 
tensively in this work, a clinoptilolite zeo- 
lite (Zeolon 400; l/16-in-pellets) donated by 
the Norton Company proved equally as ef- 
fective for hole-catalysis. The dienes and 
styrenes were obtained from Aldrich and, 
in a few cases, were donated (10). These 
included 1,3-cyclohexadiene, I-methyl-1,3- 
cyclohexadiene, 1 ,l’-dicyclopentenyl, 2,4- 
dimethyl-1,3-pentadiene, 1,3-pentadiene, 2- 
methyl- 1,3-pentadiene, t, t-2,4-hexadiene, 
t-anethole, and P-methylstyrene. Reactions 
were monitored by GC and analyzed by 
GUMS. In those cases where reactions 
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proceeded reasonably efficiently, products 
were isolated (preparative GC and/or distil- 
lation) and characterized by PMR and CMR 
spectroscopy. In the photoassisted reac- 
tions, a Hanovia 450-W medium-pressure 
mercury lamp fitted with a Pyrex filter was 
used. Parallel blank reactions omitting the 
zeolites were run in every case. Small-scale 
runs, appropriate for GC yields and GC/MS 
analysis, utilized 2-3 g of zeolite suspended 
in 5-7 ml dry dichloromethane as the cata- 
lyst/solvent system for dimerization of 50- 
60 mg of the organic substrate. The zeolites 
were washed with several 5-ml volumes of 
dichloromethane after the desired reaction 
duration and the extracts evaporated on a 
rotary evaporator. Weighed amounts of bi- 
phenyl were also included as an internal 
standard in runs used to determine GC 
yields. Preparative runs on scales 5 to 10 
times this size were carried out for product 
isolation. 

RESULTS 

When 1 ,Zcyclohexadiene (1,0.088 g, 1.1 
mmol) was stirred in dichloromethane solu- 
tion (6 ml) with Linde 13X molecular sieves 
(2.63 g) for 24 h at reflux (bp 40°C) a 13% 
conversion to the endo and exe Diels- 
Alder cyclodimers 2 and 3 (3.8: 1) was 
achieved. With 5A sieves the conversion 
achieved was just 6%. No dimers other 
than 2 and 3 (such as the cyclobutane di- 
mers 4 and 5) were formed in these reac- 
tions, and neither were significant amounts 
of trimers formed. Vapor-phase reaction of 
1 over 13X sieves at lOO”C, instead of im- 
proving the conversion led to decomposi- 
tion of 1 without formation of cycloaddition 
products. 

Photoassisted hole-catalyzed Diels- 
Alder cyclodimerization of 1 was more 
efficient than the purely thermal cata- 
lytic process. Irradiation of the 
zeolite/dichloromethane/l mixtures using a 
Pyrex filter to absorb higher energy UV 
light (at ambient temperature) led to 2 and 3 
in 37% yield after only 5 h (13X sieves). 
Control runs omitting the sieves revealed 

the formation of mixtures of 2-5, but pri- 
marily of the cyclobutanes 4 and 5, which 
arise from triplet 1 (12). 1-Methyl-1,3-cy- 
clohexadiene was subject to a similar pho- 
toassisted zeolite-catalyzed dimerization 
giving the two Diels-Alder dimers previ- 
ously reported (23% conversion in 7 h) (2). 
Acyclic dienes, which lack the relatively 
long wavelength (259 nm) absorption of 1, 
were not subject to photoassistance. The 
nonphotoassisted zeolite-catalyzed dimeri- 
zations of such dienes (see Methods for an 
inventory of dienes investigated) were, un- 
fortunately, even less efficient than that of 
1. 

Zeolite catalysis of a [2 + 21 olefin cy- 
cloaddition was also observed in the spe- 
cific case of the highly electron-rich sub- 
strate trans-anethole (6). Yields of dimers 
up to 46% were obtained after 48 h of non- 
photassisted reaction (stirring at reflux with 
13X sieves). The dimer mixture contained 
three components, one of which (55%) was 
the well-known truns,anti,truns-cyclobu- 
tane dimer 7, resulting from hole-catalyzed 
dimerization (13). The other two dimers 
(45%; unidentified) were noncyclic and 
appeared to emanate from a competing 
Bronsted acid-catalyzed reaction. p- 
Methylstyrene was dimerized analogously, 
but much less efficiently (~5% conversion) 
using the photoassisted process. 

In the presence of 13X molecular sieves, 
in only 2 h (without photoassistance), 2,4- 
dimethyl-1,3pentadiene (8) was smoothly 
dimerized (90%) to 9. This dimerization, in 
contrast to the previous ones, is apparently 
not a hole-catalyzed process, since the di- 
mer of 8 obtained via hole catalysis is 10 
(14). Indeed, conventional Bronsted acids 
(HBr, HSbC&) have been shown to dimer- 
ize 8 to 9. 

DISCUSSION 

The uncatalyzed thermal Diels-Alder di- 
merization of 1,3cyclohexadiene (1) re- 
quires heating at 200-250°C for a period of 
2 days and then affords only a 30% yield of 
3 and 4 (4 : 1 ratio) (I). The dimerization of 
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1 is not subject to catalysis by even strong yield within 5 min (3 : 4 = 5 : 1). Catalysis of 
Bronsted acids. In contrast, catalytic quan- this same pericyclic reaction by 13X and 
tities (3-5 mol %) of the hole catalyst tris- clinoptilolite zeolites, although proceeding 
@-bromophenyl) aminium hexachlorostib- rather slowly, provides the first instance in 
nate [or larger quantities of a cation radical which hole catalysis on zeolites has been 
polymer (CRP)] in dichloromethane solvent observed. The exclusive formation of 
at 0°C effect the dimerization of 1 in 70% Diels-Alder adducts (2 and 3) in the charac- 
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teristic ratio 4 : 1 is typical of the hole-cata- 
lyzed dimerization of 2. The still slower 
hole-catalyzed dimerization of 1 on small- 
pore zeolites @A, 4A) suggests the possibil- 
ity that some, but clearly not all, dimeriza- 
tion occurs within the pores of the 13X 
sieves. In contrast, the Bronsted acid-cata- 
lyzed dimerization of 2,4-dimethyl- 1,3-pen- 
tadiene (8) proceeds essentially equally effi- 
ciently on 13X and 5A sieves and but very 
little less efficiently on 4A sieves. All of the 
substrates in this study are too large to be 
absorbed in the relatively small pores of the 
5A and 4A zeolites. The hole catalytic sites 
in the zeolites are further characterized as 
quite mild in comparison to the aminium 
salt catalyst, since the dimerization rates 
are enormously greater for the latter cata- 
lyst. 

The photoassisted zeolite-catalyzed di- 
merization of 1 evidently occurs via excited 
state (presumably triplet) 1. Electron trans- 
fer to the zeolite sites is obviously much 
more facile from such excited states than 
from the ground state. Small amounts (5- 
15%, depending on the reaction scale and 
irradiation time) of the cyclobutane dimers 
associated with addition of triplet 1 to 
ground state 1 accompany the formation of 
the Diels-Alder dimers and give evidence 
of the intermediacy of triplet 1. A conse- 
quence of the requirement for excitation of 
the diene is that acyclic dienes, which do 
not absorb uv light filtered through Pyrex, 
are not subject to photoassistance. 

Zeolite hole-catalyzed [2 + 21 dimeriza- 
tion of rruns-anethole (6) has also been 
observed in a reaction which proceeds 
without photoassistance. Hole-catalyzed 
dimerization of 6 has previously been ob- 
served using the aminium salt catalyst and 
by photosensitized electron transfer and is 
especially facile because of the ease of ion- 
ization of this substrate (12). In contrast, p- 
methylstyrene, which lacks the electron- 
donating p-methoxy group, is only very 
inefficiently dimerized by zeolites, even 
with photoassistance. In both instances, 

competing Bronsted acid catalysis leads to 
formation of acyclic dimers. 

Bronsted acid catalysis by zeolites is by 
no means new, but the smooth Bronsted 
acid catalysis of the dimerization of 8 is un- 
precedentedly efficient for a zeolite-cata- 
lyzed dimerization. 

The principle of hole catalysis on hetero- 
geneous surfaces, zeolites in particular, is an 
important one mechanistically and theoreti- 
cally. Although the very limited scope and 
(at best) modest efficiency of the present 
zeolite catalyst systems obviously do not 
immediately qualify heterogenous hole-cat- 
alyzed pericyclic reaction procedures for 
broad synthetic or industrial use, it is hoped 
that the present results suggest the poten- 
tial power of this catalytic principle and will 
encourage progress in the development of 
new and more effective catalyst systems. 
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