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AbstractÐPhotooxidations of several new alkenes in the interior of methylene blue doped NaY are reported. The results suggest that the
novel regiochemistry of these reactions can be rationalized by invoking both cation complexation with the alkenes and electrostatic
interaction between the cation and the pendant oxygen on the developing perepoxide. q 2000 Elsevier Science Ltd. All rights reserved.

Introduction1

Supramolecular control of photochemical reactions
provides a powerful tool to control and alter photochemical
behavior.2,3 Zeolites, in particular are attractive hosts
because of their well-characterized structures and proper-
ties.4,5 Faujasites NaY and NaX (Scheme 1) have attracted
considerable attention because of their availability and pore
structure which can easily accommodate organic molecules
of interest to the organic chemist. NaY and NaX have the
same topographical structure and only differ in their Si/Al
ratio. These crystalline porous aluminosilicate solids consist
of silicon and aluminum tetrahedra connected by bridging

oxygens to form a series of supercages 13 AÊ in diameter
which are tetrahederally connected via windows approxi-
mately 7.4 AÊ in diameter. A negative charge is introduced
for each tetrahedral aluminum in the zeolite cage. These
negative charges are compensated by counter ions which
can easily be exchanged for charged sensitizers such as
methylene blue (MB).6

The ability to incarcerate a sensitizer in the supercages of
NaY has provided several workers the opportunity to
examine the reactions of singlet oxygen with organic
substrates. Tung and coworkers7 have demonstrated that
the zeolite can be used to restrict interaction between the
substrate and sensitizer and promote singlet oxygen rather
than electron transfer chemistry. Ramamurthy and co-
workers8,9 have demonstrated that the zeolitic medium can
dramatically in¯uence the regiochemistry of the singlet
oxygen ene reaction. For example during the photooxidation
of 2-methyl-2-pentene in thionin dope NaY a regioselective
ene reaction involving hydrogen abstraction from the gem-
dimethyl end of the alkene was observed. The result was in
stark contrast to the solution photooxidation which gave
predominant hydrogen abstraction from the least substituted
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end of the double bond. (Scheme 2) This dramatically
enhanced regioselectivity was tentatively attributed to
complexation of the ole®n to a Na1 compelling the
sterically demanding allylic methyl group to rotate to the
face approached by 1O2, thereby preventing access to the
allylic hydrogens Ha on the methylene carbon. (Scheme 2)

Clennan and Sram1b examined the photooxidations of a
series of tetra-substituted alkenes in MB doped NaY and
suggested that cation complexation to the pendant oxygen
in the perepoxide intermediate was the regiochemical
important interaction. (Scheme 3) This model suggested
that Markovnikov directing effects, as a result of greater
charge buildup on the carbon framework, and the preferen-
tial formation of the perepoxide with the pendant oxygen on
the least substituted side of the double bond, were respon-
sible for the observed regiochemistry.

We report here new results with trisubstituted alkenes that
demonstrate that both cation complexation to the alkene,
and the electrostatic interaction of the cation with the
pendant oxygen, are important in determining the regio-
chemistry of the intrazeolite photooxidation. We also report
that as a result of the electrostatic stabilization of the
perepoxide the `cis-effect' which operates in solution is
diminished in importance in the intrazeolite photo-
oxidations.

Results and Discussion

Preparation of NaMBY

MB doped NaY was synthesized by using a procedure simi-
lar to that reported by Ramamurthy and coworkers.6 A
weighed sample of NaY was added to an aqueous solution
of MB and allowed to stir until the blue solution turned
colorless. The MB doped NaY (NaMBY) was then ®ltered
and air dried followed by additional drying on a vacuum line
at 1024 Torr and 100±1208C for 8±10 h. It was then
removed from the vacuum line and stored in a desiccator
prior to use. When the doped zeolite is used directly off the
vacuum line for photooxidations of 2,3-dimethyl-2-butene,

and 2-methyl-2-pentene, in addition to the anticipated
allylic hydroperoxides, small amounts of the corresponding
reduced species, the allylic alcohols were also observed.
Addition of triphenyl phosphine to the reaction mixtures
converted the remaining allylic hydroperoxides to these
same allylic alcohols. In contrast, the use of NaMBY stored
for extended periods of time, that presumably absorbed
some atmospheric water, did not produce any alcohol
byproducts which highlights the importance of water in
these reactions.

Photooxidations of trisubstituted alkenes 1±6 were
conducted using 0.012 to 0.018 M alkene in 5 mL of hex-
ane, a photolysis time of 10 min., a 550 nm solution cutoff
®lter, a kSlMB�0.0001 (number of MB molecules per
supercage), and samples of NaMBY which had been stored
in a desiccator after drying on the vacuum line.10 These
conditions were chosen in order to minimize any possible
allylic hydroperoxide decomposition which might mask the
true reaction regioselectivity.11 Trisubstituted alkenes 1±6
were chosen for examination in order to determine the effect
of the zeolite environment on both side and end selectivity
of the ene reaction. All the alkenes were also photooxidized
in CD3CN to provide a direct comparison to the reactions in
the interior of the zeolite. A stepwise mechanism that is
supported by a considerable amount of experimental data
has previously been established in homogenous solution12

(Scheme 4) and a key intermediate, the perepoxide A, has
also been implicated in intrazeolite photooxidations.13

Examination of the regiochemistry in CD3CN reveals that
the hydrogen abstraction occurs overwhelmingly from the
most hindered side of the alkene. (99% in 1; 81% in 2; 93%
in 3; and 92% in 4) This phenomenon, which has previously
been observed, has become known as the `cis effect' and
was ®rst recognized in enol ethers by Conia14 and Foote.15

This propensity to abstract hydrogen on the most congested
side of the alkene was also observed in acylic16 and cyclic17

aliphatic alkenes. Two different models have been
suggested to explain the `cis effect'. In the Stephenson/
Fukui model18,19 a favorable HOMO±LUMO interaction
between the trailing oxygen in the incipient perepoxide
and the allylic hydrogens is maximized on the more
congested side of the ole®n. In an interesting suggestion,
Houk and coworkers20 suggested that the barrier to rotate
the allylic hydrogen to the perpendicular geometry favor-
able for abstraction plays a dominate role in dictating the
regiochemistry of the reactions. Their calculations demon-
strated that the eclipsed geometry of a methyl group is
destabilized and its rotation barrier lowered when buttressed
by a cis substituent. The Houk model has been criticized and
its inability to predict the correct regiochemistry when steri-
cally demanding groups are present has been pointed out.21

However, regardless of the origin of the `cis effect' it
provides a useful tool to engineer the regiochemistries of
singlet oxygen ene reactions (Scheme 5).

Scheme 3.

Scheme 4.
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The end selectivities in the homogeneous photooxidations
are very small ([(disubstituted end)/(monosubstituted end)];
1, 50/50; 2, 37/63; 3, 45/55; 4, 56/44; 5, 57/43; and 6, 24/76)
indicative of the absence of a Markovnikov directing effect
in these reactions. This suggests that in CD3CN that there is
very little charge on the carbon framework of the perepox-
ide, (A in Scheme 4) or that it is the magnitude of the
interaction of the pendant oxygen with the allylic hydro-
gens, rather than the charge on the carbon framework,
which dictates the regiochemistry of hydrogen abstraction.

The regiochemistries of the ene reactions are dramatically
different in the intrazeolite photooxidations. In particular,
the `cis effect' is signi®cantly diminished. As the photo-
oxidation is moved from CD3CN to the interior of the
zeolite the amount of hydrogen abstraction from the most
hindered side of the ole®n decreases from 99 to 89% in 1;
from 81 to 44% in 2; from 93 to 57% in 3; from 92 to 67% in
4; and from 76 to 43% in 6. This change in regioselectivity
is consistent with the model depicted in Scheme 3, in which
the perepoxide with the sodium complexed to the pendant
oxygen on the least substituted side alkene is sterically
preferred over its diastereomer with the sodium ion on the
more congested side of the alkene. Clearly the loss of stabi-
lization provided by the interaction between the pendant
oxygen and the allylic hydrogens is more than compensated
for by the electrostatic interaction with the sodium cation.

The gem/trans ratios in Table 1 are a measure of the end
selectivity (Markovnikov directing effect) for the
perepoxides formed on the most congested side of the ole®n.
This end selectivity (gem/trans) increases from 0.98 to 1.78

in 1, from 0.69 to 1.71 in 3, and from 1.33 to 3.0 in 5 as the
medium is changed from CD3CN to NaMBY. Conse-
quently, Markovnikov directing effects are more important
in the zeolite than in solution consistent with our earlier
suggestion of increased charge on the carbon framework
of the perepoxide in the zeolite.

The magnitudes of the increases in the Markovnikov direct-
ing effects for all trialkyl substituted alkenes should be
similar to those observed for 1, 3, and 5 (a factor of 1.8 to
2.5) since inductively similar substituents (s I for Me, Et,
and iPr are 20.04, 20.05, and 20.06, respectively)22 should
support the same charge distribution on the two sp2 alkene
carbons. However, the gem/trans ratio in 2 exhibits a small
decrease (from 0.29 to 0.26) and the gem/trans ratio in 4
exhibits an unexpectedly large increase from 1.09 to 10.2. In
both cases, this represents a decreased ability for hydrogen

Scheme 5.

Table 1. End selectivity on the most congested side of the alkene

Compound gem/trans
CH3CN Zeolite

1 0.98 1.78
2 0.29 0.26
3 0.69 1.71
4 1.09 10.2
5 1.33 3.0
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abstraction from an ethyl to compete with hydrogen abstrac-
tion from a methyl group in the intrazeolite in comparison to
the homogeneous photooxidations. It is dif®cult to explain
this behavior within the framework of the model depicted in
Scheme 3. The Ramamurthy model (Scheme 2), on the other
hand, can explain the gem/trans ratio in both 2 and 4.
Rotation of the ethyl group in 2 to place the methyl on the
same face of the alkene approached by singlet oxygen, as
predicted by the Ramamurthy model, would prevent access
to the methylene hydrogens and decrease the end selectivity
below that anticipated for the Markovnikov directing effect.
The identical effect operating in 4 would diminish hydrogen
abstraction on the least substituted end of the alkene and
enhance the Markovnikov directing effect consistent with
the experimental observation. (Table 1)

The partial success of both the Scheme 3 and Ramamurthy
(Scheme 2) models suggest that a composite model might be
universally bene®cial. We suggest such a composite model
in Scheme 6 which recognizes that complexation of sodium
to both the alkene and the pendant oxygen in the perepoxide
are important aspects of intrazeolite photooxidations. In this
model as singlet oxygen approaches the alkene the sodium
cation adopts a position which allows a favorable electro-
static interaction with both the pendant oxygen in the
perepoxide and the negatively charged aluminum in the
zeolite framework. The formation of the perepoxide with
the sodium on the least substituted side of the ole®n is
both kinetically and thermodynamically preferred and as a
consequence the `cis effect' is diminished in intrazeolite
singlet oxygen ene reactions. In addition, the proximity of
the complex to the wall of the supercage enhances the like-
lihood of approach of singlet oxygen to the face of the ole®n
occupied by the allylic substituent R 0 (Scheme 6).

Our results cannot distinguish between addition of singlet
oxygen to the cation complexed alkene or to a small amount
of free alkene that is in equilibrium (Scheme 6) with the

complex. If found near the zeolite framework, this newly
liberated alkene might exhibit the Ramamurthy (Scheme 2)
steric effect and still be close enough to the sodium cation to
allow electrostatic stabilization of the perepoxide. The free
alkene would be expected to be considerably more nucleo-
philic than the complexed alkene and would react much
faster with singlet oxygen. On the other hand, the electronic
stabilization of the incipient perepoxide by realignment of
the complex might more than compensate for the decreased
nucleophilicity. Furthermore, it is likely that in the highly
heterogeneous environment in the interior of the zeolite the
alkene will occupy a variety of different locations. For
example, the small amount of hydrogen abstraction from
the ethyl group observed in the intrazeolite photooxidations
of 2 and 4 could be formed from addition of singlet oxygen
to a small amount of alkene found in the supercage void
rather than near the zeolite framework (walls).

In support of this new modi®ed Ramamurthy model is the
observation that complexation of alkali metal cations to
alkenes and aromatic rings are well established in both the
gas and condensed phases.23 In addition, Haw and
coworkers24 used solid state NMR to convincingly demon-
strate complexation between Li1 and benzene in zeolite
LiZSM-5. Complexation in our system serves both the
function of anchoring the ole®n near the wall of the super-
cage and insuring the proximity of the cation for interaction
with the perepoxide as it is formed by the addition of singlet
oxygen.

Conclusion

We have provided the ®rst experimental evidence that both
cation complexation to the ole®n and to the perepoxide are
important features of intrazeolite photooxidations. A new
model to rationalize these results has been suggested. The
orientation of the alkene, the position of the sodium cation,

Scheme 6.
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and the direction of approach of singlet oxygen all play
important roles in determining the reaction regioselectivity.
The interdependence of these factors suggest that in more
complex alkenes with alternative binding sites that very
different regiochemical outcomes can be expected. Addi-
tional studies to provide support for this suggestion are
currently in progress and will be reported in due course.

Experimental

Alkenes 1 and 2 were purchased from Aldrich as a mixture.
They were separated and puri®ed by preparative gas chro-
matography on a Gow Mac GC equipped with a thermal
conductivity detector and a 30 ft by 3/8 in. column packed
with 15% Se-30 on Chromsorb P. Compounds 3±6 and all
the allylic hydroperoxides and allylic alcohols have
previously been reported and their spectral data were
consistent with the literature reports and with their assigned
structures.25

Doping of NaY with methylene blue

NaY (Aldrich Lot # 06402LR) was added to distilled water
containing MB. The occupancy (kSl�0.01 or 0.0001;
number of MB molecules per supercage) was calculated
assuming a composition of the unit cell of Na56(AlO2)56-
(SiO2)136´253H2O with 8 supercages per unit cell. The
mixture was stirred overnight in the dark. The water was
decanted and colored zeolite was washed with water and
then air dried. The NaMBY was then dried at 100±1208C
for 8±10 h at 1024 Torr. It was then removed from the
vacuum line and stored in a desiccator prior to use.

Solution photooxidations

CD3CN solutions 0.05 M in alkenes 1±6, and 2£1024 M in
MB were saturated with oxygen for 15 min and were then
irradiated for 30 min with a 600 W tungsten-halogen lamp
through 1 cm of a 12 M NaNO2 ®lter solution. The reactions
were monitored by proton NMR and the product ratios were
determined by integration of appropriate peaks. The product
ratios are reproducible within ^5%.

Intrazeolite photooxidations

A 300 mg sample of NaMBY was added to 5 mL of hexane
followed by the addition of suf®cient alkene to bring its
concentration to between 0.012 and 0.018 M. This mixture
was then stirred under a constant stream of oxygen for
15 min followed by irradiation for 10 min through a
550 nm solution cutoff ®lter. The reactions mixtures were
then centrifuged to separate the zeolite. The hexane wet
zeolite powder was then placed in a soxhlett cup and
extracted for a minimum of 2 h with diethylether. The
product ratios were determined by either gas chromato-
graphy or by proton NMR. In the gas chromatographic
determinations the hydroperoxide mixtures were ®rst
reduced by addition of an excess of triphenylphosphine.
The resulting diethylether solutions were directly injected
onto a HP-1 fused silica column (30 m£0.53 mm£1.5 mm
®lm thickness) using an injector temperature of 2508C, a
¯owrate of approximately 1±3 mL/min, and a FID detector

temperature of 3008C. The column temperature was main-
tained at 408C for 6 min followed by an increase to 2608C at
a rate of 208C/min where it was maintained for 15 min. The
product ratios were determined using response factors deter-
mined from authentic samples of the allylic alcohols. The
NMR determinations were made after careful removal of the
diethylether immediately following the soxhlett extraction.
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