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ABSTRACT

Recombinations of prochiral radical pairs from irradiations of 1-naphthyl (R)-2-phenylpropanoate in polyethylene films occur with significant
enantioselectivity due to templating effects in the reaction cavities. Photoreactions in PE films in their unstretched or stretched states and of
different crystallinity have been employed to distinguish between the characteristics of reaction cavities in amorphous and interfacial regions
of the polymer.

The stereoselectivity of reaction by a radical pair1 can be
mediated by varying the polarity or the viscosity of the
solvent,2 as well as by changing the spin multiplicity of the
radical pair3 or applying external magnetic fields.4 Designing
anisotropic media that optimize stereochemical integrity
during radical pair recombinations is an important topic of
current research.5,6 Previously, we investigated the fates of

singlet radical pairs generated during the photo-Fries reac-
tions of aryl phenylacylates in polymeric films7 and used an
internal “clock”,8 the rate of decarbonylation of intermediate
arylacyl radicals, to determine their rates of in-cage recom-
binations. We also determined the percent of in-cage
recombination by triplet radical pairs from irradiation of 1-(4-
methylphenyl)-3-phenyl-2-propanone in liquid-crystalline
media9 and polymeric films,10 and used again the rate of
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decarbonylation of the arylacyl radicals to calculate the rate
constants for radical escape from the polymer cages.

On the basis of these results, we conjectured that the
anisotropicreaction cavities provided by polymer films may
restrict specific movements of radical pairs, allowing sig-
nificant retention of stereo integrity during the recombination
processes. In support of this hypothesis, we report here the
enantiomeric excess (ee) of each photo-Friesand decarbo-
nylated product from room-temperature irradiations11 of
1-naphthyl (R)-2-phenylpropanoate (1; Scheme 1) in three
unstretched and stretched polyethylene (PE) films (Table
1),12 as well as in hexane, a low viscosity, isotropic solvent
of comparable polarity and functionality.13 PE46andPE74
contain interfacial (at the lateral boundaries between crys-
tallites and amorphous domains) and amorphous regions
where guest molecules can reside; they do not reside inside
the crystalline regions.14 The completely amorphousPE0
lacks interfacial sites. As noted in Table 1, the mean hole
free volume of the films, an indicator of the space allotted
guest molecules in their reaction cavities, decreases with
increasing crystallinity and stretching.7c,15

It is unclear whether the previously reported highregio-
selectiVitiesof photoreactions inPE films are due primarily
to high viscosity (i.e., indiscriminate inhibitions to both
translational and rotational motions on the time scale of the
guest reactions) or also to templating effects (i.e., inhibition
of some guest motions more than others).16 The enantiose-
lectiVities reported here separate the ability of the radicals
to undergo internal and external rotational motions (that lead
to loss of enantiopurity) and translational ones. They
demonstrate thatPE cavities are templates whose properties
can be tuned by changing film crystallinity and by macro-
scopic film stretching. Furthermore, the properties ofPE
reaction cavities in amorphous and interfacial domains can
be qualitatively differentiated.17

The mechanisms for photoreactions of1 in PE films or
hexane are summarized in Scheme 1. Each of the two in-
cage radical pairs, carbonylated pairA and decarbonylated
pair B, can recombine in-cage to form keto intermediates
that enolize to yield the observed products2 and 3 (in
addition to1 from pairA) and5 and6 (in addition to ether
4 from pairB).18 Alternatively, if one radical of a pair escapes
from the initial cage, photoproducts7-10, but not photo-
products2-6,19 are formed.

The product distributions from irradiations inPE films
and in hexane are very different.7 The data in Table 2 show
that theeevalues are as well, and that there are interesting
variations among theee values among thePE films. In
hexane, the photo-Fries rearrangement products,2 and 3,
retain theee(≈ 99%) of1 while the decarbonylated products,
4-6, are almost totally racemized. Theee values of4-6
are much higher in thePE films than in hexane (Figure 1),
but the photo-Fries rearrangement products are partially
racemized in some cases (Table 2).

Recombinations of Radical Pair B.The radical pairsB
are the radical pairsA in which loss of CO has occurred.
They may be intrinsic to a fraction of the guest molecules
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Scheme 1. Proposed Mechanism for Photoreactions of1 Table 1. Pertinent Physical Properties ofPE Films

crystallinity (%)a mean free vol (Å3)b

film unstretched stretchedc unstretched stretchedc

PE0 0 0 177 129
PE46 46 47 139 121
PE74 74 70 129 120d

a By X-ray diffraction.12b,c b From positron annihilation lifetime spectra
of undoped films.7c c Stretched ca. 2-3× (PE0) or ca. 4-6× (PE46and
PE74). d Stretched ca. 2×.
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(i.e., excited1 in conformations at the moment of lysis that
place the radical pairs in orientations that are not conducive
to recombination), to a fraction of the reaction cavities (i.e.,
1 residing in cages that do not allow the rapid motions needed
for radical pair recombinations), or to a combination of both.
As such, the relative orientations and positions of the
constituent radicals of a pairB at the moment of their creation
cannot be established as well as those of pairA,7 and there
must be important differences between the aVerage initial
orientations and/or mobilities of radical pairA and radical
pair B within their PE cages.In support of this contention,
the photo-Fries product ratios2/3 from 1 irradiated inPE
films are typically∼10 while the analogous decarbonylated
ratios5/6 are<1.7

Previously, we have found that the lifetimes of the radical
pairsA that lead to2 and3 do not appear to depend on the
degree ofPE crystallinity. As a result, it has not been
possible to probe the effects of reaction occurring from
different populations of the “softer”16 and more voluminous
cavities in amorphous regions and of the “stiffer” and smaller
cavities in interfacial regions. The data reported here do so
by monitoring the stereochemistries of the decarbonylated
photoproducts4-6.

For reactions of the ensemble average of all reacting
molecules in Scheme 1 when the medium is achiral, there

are two basic requirements for a nonzeroee in products
4-6: (1) the initial ratio of the prochiral radical pairsB
(Scheme 2), prochiral-R/prochiral-S, must not be one and
(2) krot < k4 + k5 + k6. The rate constants are weighted
averages for reactions in amorphous and interfacial reaction
cavities. Only inPE0 do we know that all reaction takes
place in amorphous cavities, and even there, the initial
prochiral-R/prochiral-Sratio is unknown. Therefore, our data
treatment must be qualitative at this time.

In unstretchedPE films, theeevalues of4-6 unexpect-
edly increase as crystallinitiesdecreaseand mean hole free
volumesincrease(see Figure S3 of the Supporting Informa-
tion)! We expected that the stress exerted on the reaction
cavities by1 (and, thereby, the templating effect) would be
greatest inPE74, the film with the smallest mean free hole
volume, since the calculated van der Waals volume7b,20of a
molecule of1, 254 Å3, is much larger than the 129-177 Å3

mean free volumes of “holes” within thePE films. However,
this reasoning does not consider that the partially crystalline
polymers,PE46 and PE74, offer two major site types for
molecules of1. Our results lead to the surprising conclusion
that racemization of decarbonylated photoproducts is more
likely when a radical pairB resides in the stiffer (and
probably smaller) reaction cavities7c (i.e., within the inter-
facial regions, where the guest molecules prefer to reside7e,12a).

The softer walls in amorphous cavities must facilitate the
translational motionsneeded to orient radical pairB for
formation of ether4 or the keto precursors of5 and6 on the
same time scale needed for therotational motionsof the
planar 1-phenylethyl radicals. In interfacial cavities, the
1-naphthoxy radicals of radical pairB probably lie on the
lamellar faces of crystallites,21 and motions orienting leading
to 4-6 are primarily by the 1-phenylethyl radicals. Due to
the relatively low mobility of the stiffer chains along the
amorphous side of the interfacial regions,22 the translational
motions associated withk4, k5, andk6 will be more difficult
than in cavities within the amorphous parts: [krot/(k4 + k5 +
k6)]interfacial > [krot/(k4 + k5 + k6)]amorphous.
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Table 2. Enantiomeric Excesses (%)a of Photoproducts from
Irradiations of1b in PE Films (1-7 mmol/kg) and Hexane (2
mM) at Room Temperature

mediumc 2 3 4 5 6

hexane 99 99 0.8 1.0 0.2
PE0 (u) 99 99 19.3 21.3 21.6d

PE0 (s) 99 99 18.9 20.9 23.9
PE46 (u) 97 99 12.3 15.6d 16.5
PE46 (s) 76 99 7.1 7.2d 9.6
PE74 (u) 97 99 16.8 13.4 10.0
PE74 (s) 81 99 6.6 7.6 9.0

a (1% except as indicated. In all cases, the (R) enantiomer is assumed
to be in excess.b The ee of unreacted1 remained>99% after irradiations.
c The “u” and “s” refer to unstretched and stretched film states, respectively.
d <(2%.

Figure 1. Representative HPLC traces of decarbonylated enanti-
omers of4-6. The small peaks in the chromatograms of5 and6
are unidentified impurities. Detector wavelength) 294 nm.

Scheme 2. Competition between Racemization and Product
Formationa

a Note thatk5 andk6 are actually the rate constants for formation
of the keto intermediates of5 and6.
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Film stretching of partially crystallinePE forces chains
to pack more closely, increases the area of the interfacial
region, decreases mean hole free volumes,and leads to a
large increase in the fraction of guest molecules in interfacial
cavities.12a Consequently, the total relative yield of4-6
increases (2-3)-fold23 upon stretchingPE46 or PE74 (but
not the totally amorphousPE0), although theee values
decrease! The increased yields are consistent with the slower
rates of recombination of radical pairA24 and the much larger
fractions of molecules of1 residing in interfacial sites. The
lower eevalues follow from the arguments presented above
concerning the relative rates of motions of radicals of pair
B in amorphous and interfacial reaction cavities. They are
supported by the nearly equaleevalues of4-6 in unstretched
and stretchedPE0.

The calculated relative spin densities on the three positions
of the 1-naphthoxy radical where a 1-phenylethyl radical
must add to form4 or the keto precursors of5 and6 are C4
> C2 > O7d w 6 > 5 > 4, and the product yields correlate
reasonably well in hexane (the medium whose control over
product formation is expected to be smallest), inPE0 (the
polymer with the largest mean free hole volume and in which
all molecules of1 are in amorphous cavities), and in stretched
PE74 (where the mean free hole volume is smallest, the
fraction of1 in interfacial sites is largest, and medium control
is expected to be largest)! Although the product ratios are
[6] > [5] = [4] in unstretched and stretchedPE46, the free
electron densities of 1-naphthoxy correlate with theeevalues
of the decarbonylated products in all of the films except
unstretchedPE74: ee6 g ee5 g ee4. On this basis, the
reaction cavities seem to act as templates. However, the
exceptions indicate that other factors play an important role
in the dynamics of the radical pair reactions.

Recombination of Radical Pair A. Because recombina-
tions of radical pairA do not involve directly the stereo-
center; near 100%eevalues of the photo-Fries products2
and3 (as well as of unconverted1) were expected in all of
the media. Significant loss of enantiopurity was found
especially in2 from irradiations inPE films containing a

significant interfacial content (i.e., not inPE0 films), and
the loss increased upon film stretching (Table 2). We
conjecture that the keto intermediates of2 and3 are much
longer lived in interfacial cavities (of stretched films
especially) than in amorphous ones. During that prolonged
lifetime, many of the keto intermediates are able to absorb
a second photon,25 allowing reversibleγ-H abstraction from
the stereocenter of keto-(R)-2 (but not from the analogous
keto-(R)-3) that leads to racemization (eq 1). In addition,
keto-(R)-2(and keto-(R)-3) may revert to radical pairs, but
this process does not lead to racemization of2 (and3).

In conclusion, we have observed significant enantioselec-
tivity of prochiral radical pair recombinations inPE matrices
and have explored regio effects on the enantioselectivity. The
regioselectivities of the photo-Fries and decarbonylation
products from1 are very different and the enantioselectivities
of the decarbonylation products do not scale with local
medium viscosity (as had been expected), but do depend on
the properties of the cavities in which the radical pair
precursor resides (such as wall stiffness and mean hole free
volumes). Attempts to increase the enantiomeric excesses
in other polymeric films and to understand better the factors
responsible for them are in progress.
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