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ABSTRACT

The singlet oxygen ene reactions of four allylic alcohols and
for comparison an allylic ether have been examined both in
solution and in zeolite Y. Brgnsted acid sites in the zeolite were
shown to induce decomposition of several of the allylic alco-
hols. Treatment of the zeolites with pyridine removed these
acid sites and allowed intrazeolite reactions of the allylic alco-
hols without interference from decomposition. Control reac-
tions with an allylic alcohol that is inert to decomposition
provided evidence that the presence of pyridine in the zeolite
labyrinth does not influence the product composition.

INTRODUCTION

The use of molecular oxygen as a terminal oxidant is attractive
from both economic and environmental perspectives. Consequent-
ly, the singlet oxygen ene reaction (Eq. 1) has attracted consider-
able attention since it was first reported by G. O. Schenck more
than 50 years ago (1). The well-established stereochemical features
of this reaction provide predictive power that adds to its synthetic
utility (2). For example, it is a suprafacial process with oxygen and
hydrogen removal occurring from the same face of the alkene (3,4).
In addition; (1) only those hydrogen that are, or can be, aligned
perpendicular to the n-system are subject to removal; (2) hydro-
gens that are on the more highly crowded side of the alkene are
preferentially abstracted (cis effect); and (3) hydrogen bonding,
steric, and electronic interactions with the trailing pendant oxygen
in the perepoxide (Eq. 1) can be used to direct the regiochemistry
of hydrogen removal (5). Nevertheless, in many substrates multiple
hydrogens can meet these stereoelectronic requirements for
abstraction and product mixtures are often observed.
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Photo-oxygenations in heterogeneous media have become
increasingly popular as a means to improve or reverse the
substrate-induced regiochemistry of the singlet oxygen ene
reaction. In this report we describe our recent efforts to use
zeolites to influence the singlet oxygen ene reactions of a series of
allylic alcohols. For this work we have chosen to use zeolite Y
(NaY; Fig. 1) because of its availability and suitable pore and
cavity size that can readily accommodate the organic substrates.
NaY is an aluminosilicate honeycomb network with [Si0,4]* and
[AlO,]>~ vertices that form 13-A-diameter supercages that are
interconnected via tetrahedrally arranged 7.4-A pores (6,7). The
cations (e.g. Na') found in the interior of the zeolite are necessary
to balance the negative charge on the tetravalent aluminum atoms
and create a highly charged electrostatic and unique reaction
environment. Li and Ramamurthy took advantage of these ex-
changeable cations in 1996 to introduce thiazine into the zeolite
and to conduct the first intrazeolite singlet oxygen reactions (8).

MATERIALS AND METHODS

The allylic alcohol substrates 3-methyl-2-buten-1-ol and 3-methyl-2-
cyclohexen-1-ol were purchased from Aldrich and used without further
purification. The substrates 4-methyl-3-penten-2-ol (9), E-3-methyl-3-
penten-2-ol (9), and Z-4-methoxy-2-methyl-2-pentene (9) were synthesized
using literature procedures. NaY (lot number JI20903EIl) was purchased
from Aldrich and prepared for reaction as described below. All reaction
mixtures were monitored by proton NMR on a Bruker DRX-400 and
product ratios determined by careful integration.

Solution photo-oxidations. All solution photo-oxidations were conducted
using CDCl; reaction mixtures, 0.2 M in substrate and 1 X 167* M in
tetraphenylporphyrin. Each reaction mixture was saturated with dry oxygen
for 10 min before irradiation and bubbling was continued during irradiation.
The bubbling rate was controlled to prevent loss of the solvent and the
irradiations were conducted with a 600-W tungsten—halogen lamp through
1 cm of a 12 M (saturated) NaNO, solution (A;ragiation > 400 nm). All re-
action mixtures were analyzed immediately by NMR and in some cases
both before and after reduction of the allylic hydroperoxide products with
triphenylphosphine.

Preparation of methylene blue exchange zeolite Y. NaY was stirred for
24 hin a 1 M aqueous NaCl solution, filtered and washed with deionized
distilled water. This procedure was repeated for a total of three times and
the NaY dried at 120°C in a vacuum oven for 24 h. This treatment ensured
the elimination of other cations and the removal of the majority of the
Brgnsted acid sites in the supercages. Enough methylene blue (25.2 mg) to
provide a loading level of one molecule per 100 supercages ({S) = 0.01)
was added to 350 mL of aqueous slurry of 14.6 g of NaY and stirred for
48 h in the dark. The slurry was then centrifuged and the transparent
aqueous solution decanted. The colored residue was then washed five times
with 50 mL of water. During this process no dye was extracted from the
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Figure 1. A depiction of NaY showing the 7.4-A windows leading into the
13-A diameter supercage.

zeolite into the aqueous layer. The MB@NaY({S) = 0.01) was covered with
aluminum foil and air dried in the dark for 2 days and then dried on
a vacuum line at 95°C and 10~ torr for 3 days before use.

Zeolite photo-oxygenations. A small amount of pyridine (approximately
1 mg) was added to 5 mL of freshly distilled hexane. To this solution
0.3 g of dry MB@NaY((S) = 0.01) was added to generate a pyridine-
supplemented zeolite ((S)pyrigine = 0.06 to 0.1). The hexane slurry was then
saturated with oxygen and enough substrate added to give a loading level of
(SYsubstrate = 0.5. The reaction mixture was then immediately irradiated
under continuous oxygen agitation with a 600-W tungsten-halogen lamp
for about 10 min through 1 cm of a 12 M (saturated) NaNO, solution
(Mimradiation = 400 nm). After photolysis the reaction mixture was centri-
fuged and the hexane removed. The products were immediately extracted
with freshly distilled tetrahydrofuran (THF). The THF was then removed
with care with a rotary evaporator and the residue immediately analyzed by
"H NMR. The mass balances were determined by integration relative to an
internal standard.

Photo-oxygenation of allylic alcohol 1. 3-methyl-2-buten-1-el (1). H
NMR (CDCly) 8 1.26 (bs, 1H), 1.71 (5, 3H), 1.77 (s, 3H), 4.16 (d, Y =7 Hz,
2H), 5.44 (t, ] = 7 Hz, 1H). 3-methyl-2-butenal (2). 'H NMR (CDCls) &
2.01 (s, 3H), 2.17 (s, 3H), 5.93 (d, } = 8 Hz, 1H), 9.99 (d, ] = 8 Hz, 1H). 3,3-
dimethyl-oxirane-2-carbaldehyde (3). "H NMR (CDCl3) 8 1.46 (s, 3H),
1.50 (s, 3H), 3.21 (d, ] = 5 Hz, 1H), 9.48 (d, ] = 5 Hz, 1H). 2-hydroperoxy-
3-methyl-3-buten-1-ol (4). ‘H NMR (CDCl;) & 1.82 (s, 3H), 3.77 (d, J =
5.6 Hz, 2H), 456 (t, J = 5.6 Hz, 1H), 5.12 (bs, 2H). The allylic
hydroperoxide was reduced with PPhs to give 3-methyl-3-buten-1,2-diol
'H NMR (CDCly) 8 1.77 (s, 3H), 3.58 (dd, J = 7.3, 11.2 Hz, 1H), 3.72 (dd,
J =34, 11.2 Hz, 1H), 4.20 (dd, T = 3.4, 7.3 Hz, 1H), 4.97 (s, 1H), 5.09 (s,
1H). The 1,2-dioxolane, 5, was not reduced even after standing in the
presence of PPh; for 2 weeks. 5,5-dimethyl-[1,2]dioxolan-3-ol (5). 'HNMR
(CDClL3) 8 1.37 (s, 3H), 1.46 (s, 3H),2.38 (dd, J= 1.6, 13 Hz, 1H},2.71 (dd, J
=5.9, 13 Hz, 1H), 5.70 (dd, J ~ 1, 5.7 Hz, 1H). Hemiacetals (3’ and 3") 'H
NMR (CD;0D) § 1.29 (s, 3H), 1.30 (5, 3H), 1.31 (5, 3H), 1.33 (5, 3H), 2.73
(d,J=6.5Hz, 1H), 2.75 (d, J = 7.0Hz, 1H), 428 (d, ] = 7.0Hz, 1H), 431 (d,
1 =65 Hz, 1H). °C NMR (CD;0D) 8 19.38, 19.49, 24.91, 24.96, 59.41,
59.80, 66.13, 66.40, 98.52, 98.05, CD; groups obscured by CD;0D.

Photo-oxygenation of allylic alcohol 6. 4-methyl-3-buten-2-ol (6). 'H
NMR (CDCls) 6 1.26 (d, J= 6 Hz, 3H), 1.32-1.35 (bs, 1H), 1.72(d,J = 1.3
Hz, 3H), 1.74 (d, J = 1.4 Hz, 3H), 4.55-4.65 (m, 1H), 5.23-5.28 (m, 1H).
§*S*.3-hydroperoxy-4-methyl-d-penten-2-ol (7). 'H NMR (CDCL;) &
1.09 (d, J = 6.4 Hz, 3H), 1.70 (dd, J = 1.3, 1.0 Hz, 3H), 3.63 (bs, 1H), 3.84
(dq, 8.6, 6.4 Hz, 1H), 4.12 (d, J = 8.6 Hz, 1H), 5.08~5.10 (m, 2H), 9.44 (bs,
1H). S*R*-3-hydroperoxy-4-methyl-4-penten-2-0l (8). 'H NMR
(CDCly) 3 1.18 (d, J = 6.4 Hz, 3H), 1.78 (dd, J = 1.2, 1.0 Hz, 3H), 2.54
(bs, [H), 3.95(dg, ] = 6.4, 4.9 Hz, 1H), 4.28 (d, ] = 4.9 Hz, 1H), 5.04-5.06
(m, 2H), 9.17 (bs, 1H). 3, 5, 5-trimethyl-[1,2]dioxolan-3-0l (9). An AB
quartet similar to that reported (9) reveals a trace of 9; however, the singlets
associated with the methyl groups could not be assigned with certainty. 'H
NMR (CDCls) § 2.41 (d, J = 12.8 Hz), 2.50 (d, J = 12.8 Hz).

Photo-oxygenation of allylic alcohol 10. E-3-methyl-3-penten-2-ol
(10). (9) 'H NMR (CDCl5) 8 1.25 (d, J = 8.0 Hz, 3H), 1.60 (d, ] = 6.7 Hz,
3H)*, 1.63 (s, 3H)*, 4.21 (q, ] = 6.4 Hz, 1H), 5.49 (dqq, J = 1.1, 1.1, 6.6
Hz, 1H) *some unresolved long-range coupling. 8*S*-3-hydroperoxy-3-
methyl-4-penten-2-ol (11). ‘H NMR (CDCl3) § 1.14 (d, ] = 6.5 Hz, 3H),
1.28 (s, 3H), 4.02 (g, ] = 6.5 Hz, 1H), region between 5.32 and 5.4 severe
overlap between 11 and 12, 5.92 (dd, J = 11, 17.7 Hz, 1H), 8.27 (bs, 1H).
$*R*-3-hydroperoxy-3-methyl-4-penten-2-0l (12). 'H NMR (CDCl;) &
1.14 (d, J = 6.6 Hz, 3H), 1.34 (s, 3H), 3.99 (q, ] = 6.6 Hz, 1H), region
between 5.32 and 5.4 severe overlap between 11 and 12,599 (dd, J=11.2,
17.7 Hz, 1H), 8.35 (bs, 1H). S¥*R*-4-hydroperoxy-3-methylene-2-pentano}
(13). '"H NMR (CDCl3) § 1.30 (d, ] = 7.3 Hz, 3H), 1.39 (d, J = 6.5 Hz, 3H),
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449 (dg, ] = 0.8, 6.5 Hz, 1H), 4.71 (q, ] = 6.6 Hz, 1H), 5.21 (m, 1H), 5.32
(m, 1H), 9.61 (bs, 1H). S¥S*-4-hydroperaxy-3-methylene-2-pentanol (14).
'H NMR (CDCl3) 8 1.38 (d, J = 6.6 Hz, 3H), 1.40 (d, J = 6.5 Hz, 3H), 4.44
(dg, J=0.9, 6.5 Hz, 1H), 4.64 (dgq, ] = 0.9, 6.6 Hz, 1H), 5.21 (m, 1H), 5.32
(m, 1H), 9.01 (bs, 1H).

Photo-oxygenation of allylic alcohol 15. 3-methyl-2-cyclohexenol (15)
"H NMR (CDCls) § 1.3-2.0 (m, 7H), 1.69 (s, 3H), 4.18 (bs, 1H), 5.50 (bs,
1H). 13C NMR (CDCls) 8 19.19, 23.77, 30.20, 31.79, 65.95, 124.48, 138.68.
3-methyl-2-cyclohexenone (20) 'H NMR (CDCl3) § 1.96 (s, 3H), 1.99
(gent, J=8Hz,2H), 2.28 (t, ] = 8Hz, 2H), 2.34 (t, ] = 8Hz, 2H), 5,88 (bs, 1 H).
BPCNMR (CDCl,) §22.61,24.52,30.99, 37.05, 126.69, 162.93,199.81. The
allylic hydroperoxides were identified by reduction with triphenylphosphine
to the diols followed by comparison to published proton and carbon NMR of
these compounds. cis-3-methylene-1,2-cyclohexandiol (16-OH), (10)
trans-3-methylene-1,2-cyclohexandiol (16-OH) (10), cis-3-methyl-3-
cyclohexen-1,2-diol (18-OH) (11), 3-methyl-2,3-epoxy-cyclohexanone
(21) (12). Spectral data for the rrans-1,2-diol, trans-3-methyl-3-cyclohexen-
1,2-diol (19-OH) is not available but it is tentatively assigned on the basis of
comparison of *C NMR chemical shifts in the reaction mixture
and comparison with those published for 18-OH (11). trans-3-methyl-3-
cyclohexen-1,2-diol (19-OH) *C NMR (CDCls) tentative 3 19.63, 22,35,
73.88, 76.10, 123.75, quaternary vinyl carbon not observed.

Photo-oxygenation of allylic ether 22. 4-methoxy-2-methyl-2-pentene
(22) 'H NMR (CDCl3) 8 1.17 (d, J = 8Hz, 3H), 1.67 (d, J = 1.4Hz, 3H),
1.74 (d, ] = 1.4Hz, 3H), 4.03 (dq, J = 9, 6 Hz, 1H), 5.55 (d with further
small coupling, J = 9Hz, 1H). (§*S*)-4-methoxy-2-methyl-1-penten-3-yl
hydroperoxide (23) '"H NMR (CDCls) 3 1.10 (d, J = 6Hz, 3H), 1.76 (dd, J
=1.2, 1.5 Hz, 3H), 3.44 (s, 3H), 3.54 (dq, I = 8.2, 6.4 Hz, 1H), 4.28 (d,T =
8.2Hz, 1H), no vinyl hydrogens obscured by starting material, 9.35 (s, 1H).
(S*R*)-4-methoxy-2-methyl-1-penten-3-yl hydroperoxide (24) 'H
NMR (CDCl3) 3 1.16 (d, J = upfield peak obscured by starting material),
1.80 (m, 3H), 3.38 (s, 3H), = 3.55 (peaks obscured by S*S* isomer), 4.41
(d, J = 4.4Hz, 1H), 5.08-5.10 (m, 2H), 8.70 (s, 1H).

RESULTS

Solution studies

Allylic alcohols 1, 6, 10, 15, and for comparison, allylic ether 22,
react with singlet oxygen in CDCl; to give the products shown in
Chart 1.

3.Methyl-2-buten-1-ol, 1 (13), reacts by hydrogen abstraction
predominately at the gem—dimethyl end of the alkene to give allylic
hydroperoxide, 4. Without labeling it is impossible to determine
the extent of reaction at each of the diastereomeric methyls; how-
ever, given the preference for the stereoelectronic ““cis-effect,”
hydrogen abstraction likely prevails from the Z-methyl group.
Hydrogen abstraction from the carbinol carbon, however, is sig-
nificant and can account for the formations of 2, 3 and 5, as shown
in Fig. 2. Although formation of 3 could be attributed to reaction of
2 with adventitious hydrogen peroxide, this reaction normally
requires basic conditions (14). In addition, there does not appear to
be an induction period for the formation of 3. Consequently, we
suggest that it is a primary oxidation product formed by intra-
molecular displacement of hydroxide (or water) in the enolic—
allylic-hydroperoxide intermediate, H (Fig. 2).

In methanol the reaction of 1 with singlet oxygen was signif-
icantly altered from that observed in CDCl;. The allylic hydro-
peroxide was reduced from 70% of the reaction mixture in CDCl;
to only 47% of the reaction mixture in CD3;OD. In addition, two
novel diastereomeric hemiacetals, 3" and 3" (Fig. 2), formed, pre-
sumably by the addition of methanol to protonated 3. We suggest
that intermolecular hydrogen bonding of the hydroxyl group in
perepoxide 1 (Fig. 2) with methanol competes with the intra-
molecular hydrogen bond (bond a in structure I in Fig. 2) to the
pendant oxygen. In the absence of this intramolecular hydrogen
bond (bond a, Fig. 2) the allylic hydroxyl group is free to rotate to
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Figure 2. Mechanism for reaction of allylic alcohol 1 with
singlet oxygen.

place the allylic hydrogens (-CH,-OH) in the perpendicular
geometry necessary for abstraction to form an increased amount
of allylic hydroperoxide II and ultimately 3’ and 3” (Fig. 2).
Allylic alcohol, 4-methyl-3-buten-2-ol, 6, was a key substrate in
the elegant work of Adam and coworkers (9,15-20) that was used
to establish the importance of hydrogen bonding as a directing
element in singlet oxygen ene reactions. Three rotomers of the S
enantiomer of 6 are shown in Fig. 3. Attack from the bottom face
of each rotomer leads to the major S*S* (threo) product, whereas
attack from the top face leads to the minor S*R* (erythro) product.
If the cis effect were dictating the observed stereochemistry the
preferred perepoxide transition structure would be either A or E,
both of which have the greatest number of interactions between cis-
allylic hydrogens and the trailing oxygen in the perepoxide. How-
ever, if this were the case the S¥R* product would predominate,
contrary to what is observed since the A, 3 strain between the H-
and Me- groups in E is more destabilizing than the A, ; strain
between the H- and HO- groups in A. Consequently, Adam and
coworkers suggested that hydrogen bonding to the pendant oxygen
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in the perepoxide transition structure dictated product regiochem-
istry. As a result, hydrogen-bonded transition structure D, with less
A, strain than hydrogen-bonded transition structure C with the
greater H-/Me- A, 3 strain, preferentially leads to the S*S* (threo)
product by a factor of 9:1.

The importance of hydrogen bonding as a directing element is
verified by the reactivity of 4-methoxy-2-methyl-2-butene, 22, in
which the possibility of hydrogen bonding has been eliminated by
replacement of the HO- group with the CH;0- group (9). In this
case the threo (§*S*) product is still preferred but by less than
a factor of 2:1.

The steering effect of the hydroxyl group must be coupled with
a conformational bias for a single conformation. This bias is absent
in 10 because of the lack of a cis-methyl group and the concomitant
allylic (A;3) strain. As a result, photo-oxygenation of 10 shows
complete loss of diastereoselectivity and little regiochemical
preference. The hydroxyl group in cycloalkene 15 also exhibits
little if any steering effect. Force field calculations reveal that
15 exists in a half-chair conformation with only a slight preference
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Figure 3. Reactions of three rotomers of the S enantiomer
of allylic alcohol 6 on the erythrotopic and threotopic faces.
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Figure 4. Attempted intrazeolite trapping of a perepoxide intermediate.

for the equatorial (AH, = —51.19 kcal mol™') rather than the axial
(AH, = -50.95 kcal mol™") hydroxyl group.

Zeolite studies. Allylic alcohols 1, 6, 10, 15, and for comparison,
allylic ether, 22, react with singlet oxygen in hexane slurries in the
presence of pyridine-supplemented MB@NaY to give the products
shown in Chart 1. Gas chromatography (GC) analysis of the
hexane demonstrated that all the starting materials migrated quan-
titatively into the zeolite before irradiation. The pyridine at levels
between 0.6 and 1.0 molecules per supercage (i.e. (s) = 0.6 to 1.0)
was necessary to prevent acid-catalyzed rearrangements of the
allylic alcohols. Allylic alcohol 1 was the exception. It could be
successfully extracted from the zeolite after an extended residence
time (=2 h) without visible decomposition. We attribute this sta-
bility to the fact that 1 forms a less-stable 1,1-disubstituted allylic
cation, whereas 6, 10 and 15 form more-stable 1,1,3-trisubstituted
allylic cations. The stability of 1 in the zeolitic environment
allowed us to show that the product composition is essentially
unchanged in pyridine-supplemented and -unsupplemented photo-
oxygenations. (Chart 1) The inability to isolate from the zeolite the
small amount of epoxide, 3, formed in the reaction of 1 in the
absence of pyridine was expected. We have previously shown that
epoxides formed during photo-oxygenations of 1,1-diarylethylenes
are susceptible to acid-catalyzed rearrangements and could only be
isolated from zeolite samples pretreated with pyridine (21).

Hydrogen abstraction

Disubstituted Monosubstituted

We have also conducted intrazeolite cophoto-oxidations with thio-
lane sulfoxide, 25 (Fig. 4), in an attempt to trap a perepoxide inter-
mediate. These studies were done using the reactive singlet oxygen
substrate 2,3-dimethyl-2-butene in MB@NaY((S) = 0.01). The
trapping studies were conducted with loading levels of (S)yvmg =
0.50, and (S)2s = 0.80 and 1.0. The photo-oxygenations were
conducted as described in the Materials and Methods section and the
products analyzed by GC after reduction with triphenylphosphine.
In no case was thiolane sulfone, 26, pinacolone, 27, or tetramethyl
oxirane, 28, observed by GC using authentic independently
synthesized samples.

DISCUSSION

A comparison of the product compositions in solution with those
formed in the zeolite (Chart 1) demonstrate that there are medium
effects on both the regio- and stereochemistry of the singlet oxygen
ene reactions of allylic alcohols. The regiochemical changes are
especially evident in the photo-oxygenations of 1, 10 and 15. In
each of these cases hydrogen abstraction from the most highly
substituted end of the alkene is enhanced upon moving the reaction
from solution into the zeolite. The ratio of hydrogen abstraction
from the most highly substituted to the less substituted end of the
alkene changes from 2.33 {[4]/([2] + [3] + [5])} for 1, from 1.04
{([13] + [14])/(11] + [12])} for 10 and from 6.14 {([16] + [17]+
[18] + [19])/([20] + [21])} for 15 in solution to 32.33, 2.22 and
32.33, respectively, in the zeolitic medium (21). In addition, the
side selectivity, ([16] + [17])/([18] + [19]), for 15 dramatically
changes from 1.97 in solution to 11.12 in the interior of the zeolite.

These regiochemical changes are reminiscent of those observed
during intrazeolite photo-oxygenations of trisubstituted alkenes as
shown in Fig. 5 (22). In these cases hydrogen abstraction from the
disubstituted end of the alkene increases dramatically when the
reaction is moved from solution into the zeolite. In addition, most
of this increase is due to increased hydrogen abstraction from the
least substituted side of the alkene.

To rationalize these results we have suggested the model shown
in Fig. 6 (3). The key feature of this model involves complexation
of the alkene to a sodium cation within the zeolite supercage.
Alkali metal cation complexation to alkenes is well documented
both in solution and in the gas phase (23,24). This complexation
occurs on the least-hindered face of the alkene and forces singlet
oxygen to approach from the most-hindered face. As the oxygen

Figure 5. A regiochemical comparison of solution and
intrazeolite singlet oxygen ene reactions of trisubstituted

End (DE) End (ME) DE/ME
CDg o HOO 002 HOO  CDg OOH
o s ) < ) § /_%coa
CDLCN 7% 38% 55% 45%/ 55%
NatiBY 43% 36% 21% 79%/ 21%
S
CD&CN 1% 49% 50% 50%/ 50%
NabiBY 1% 57% 32% 68%/ 32%
CD3CN 19% 18% 63% 37%l/ 83%
NaMBY 56% 9% 35% 65%/ 35%
CD; o HOO  ©D, HOQ  CDs OOH
— 2
= )X ) R,
CD43CN 8% 48% 44% 56%/ 44%
NaMBY 33% 61% 6% 94%/ 6%

alkenes.
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Figure 6. A model for intrazeolite singlet oxygen ene reactions of allylic
alcohols.

approaches the sodium cation moves to provide electrostatic stabi-
lization to the mascent perepoxide. This stabilization leads to a
remarkable intrazeolite rate enhancement in comparison to solution
(see Chart 1). For example, allylic ether 22 requires 95 min in
solution for a 30% conversion to product, whereas in the zeolite
81% conversion is realized in only 10 min of irradiation. However,
these are qualitative and not quantitative results. Nevertheless,
these apparent rate enhancements are even more remarkable when
light scattering in the heterogeneous zeolite medium, which
certainly decreases the number of absorbed photons, is taken into
account. This movement of the cation also nicely accounts for the
observed side selectivity observed in the intrazeolite photo-
oxygenation of 15 since movement to the least-substituted side is
energetically preferred to give perepoxide A rather than B (Fig. 6).
In fact, calculations by Stratakis and Froudakis (25) have suggested
that the cation may already be displaced to the least-substituted
side of the alkene before the approach of oxygen. The high barrier
for inversion of a heteroatom in three-membered rings dictates that
A can only collapse by hydrogen abstraction from the least-
hindered side of the alkene.

The model shown in Fig. 6 can also explain the end selectivity
since the sodium cation acts as an electron sink, withdrawing
electron density from the carbon framework. To accommodate the
increased amount of positive charge on the carbon framework the
C-0O bond to the most highly substituted carbon in the perepoxide
is lengthened, ultimately resulting in cleavage of that bond and
hydrogen abstraction from the most-substituted end of the alkene.

The hydrogen bond steering effect and the stereochemical pref-
erence during the intrazeolite photo-oxygenation of 6 is signifi-
cantly diminished (see Chart 1). The erosion of the influence of an
allylic hydroxyl-bearing chiral center can be understood in terms of
a Curtin—~Hammett analysis (26) as shown in the model depicted in
Fig. 7. In the dynamic environment inside the supercage,
complexation of the sodium cation to the alkene can take several
structural motifs. (Fig. 7) However, the reaction appears to proceed
via complex B, despite the fact that it may not be the most stable
complexation geometry, because the cation finds itself in the ideal
geometry to provide maximal stabilization of the transition state (E

Photochemistry and Photobiology, 2006, 82 1231
H @H H
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Figure 7. A Curtin—-Hammett analysis of intrazeolite transition state cation
binding geometries of allylic alcohols.

in Fig. 7) for product formation. We cannot unambiguously rule out
reaction via transition state F. However, this transition state does not
provide a convenient explanation for the increased amount of
hydrogen abstraction from the least-substituted side of the alkene
(see reaction of 15 in Chart 1). In addition, we point out that even if
the equilibrium constant [B]/[C] is 1000, a one-to-one ratio of
products can still be achieved if the rate constant for the formation of
E is 10® times larger than the rate constant for formation of F (26).
On the other hand, we believe that intramolecular hydrogen bonding
(transition state D in Fig. 7) cannot compete with the electrostatic
interaction of the pendant oxygen with the sodium cation in either
perepoxide-like transition state E or F to lower the barrier for
product formation. Unfortunately, at the present time we only have
relative product ratios inside and outside the zeolite to infer
information about the dynamic binding events inside the zeolite
supercage. Consequently, we prefer to refer to the suggestion in Fig.
7 as a model rather than a mechanism.

The inability to trap an intrazeolite perepoxide intermediate (Fig.
4) mirrors failed attempts in solution (E. L. Clennan, unpublished).
Recently, Singleton and coworkers (27,28) have suggest that the
singlet oxygen ene reaction proceeds via two transition states with-
out an intervening intermediate. This topographical arrangement is
made possible because these two maxima on the reaction pathway
are saddle points on a three-dimensional surface. The first tran-
sition state does not involve hydrogen abstraction by the trailing
oxygen but leads to the second perepoxide-like transition state.
This transition state lies near a valley-ridge inflection where bifur-
cation to the isomeric allylic hydroperoxides occurs. Consequently,
dynamic effects (i.e. the momentum of atoms) dictate the product
ratio (29). The unsuccessful trapping, although consistent with the
Singleton suggestion, is unfortunately a negative result and does
not provide evidence, either for or against, intrazeolite electrostatic
stabilization of a perepoxide intermediate.

CONCLUSION

Several studies have now confirmed that electrostatic stabilization
of a perepoxide or perepoxide-like transition state plays a key role
in dictating the regio- and stereochemistry of the intrazeolite singlet
oxygen ene reaction (4,30-38). This stabilization leads to oper-
ational (apparent) dramatic intrazeolite rate enhancements and can
significantly modify or completely replace other noncovalent inter-
actions such as hydrogen bonding, which are important in the
homogeneous variant of the singlet oxygen ene reaction. The
reactions of these allylic alcohols demonstrate that intrazeolite
photo-oxygenations do not always provide an advantage in terms
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of either regio- or stereochemical control. However, the use of
models such as that shown in Figs. 6 and 7 provide a powerful tool
to assess the advantages or disadvantages of using the zeolite
environment with a wide range of alkene substrates.
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