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AbstractÐThe fates of phenylacyl/1-naphthoxy singlet radical pairs generated upon irradiation of 1-naphthyl phenylacetate (1a) and
1-naphthyl 2-phenylpropanoate (1b) in three unstretched and stretched polyethylene ®lms and isotactic and syndiotactic polypropylene
®lms have been investigated. From dynamic ¯uorescence measurements, the primary locus of reactions by 1 is within amorphous regions of
the ®lms. The reaction cages afforded by these media inhibit escape of the radical pairs and mediate their reorientational motions leading to
photo-Fries and related products. In essence, the cages act as stiff-walled templates. In addition, a method is described to measure the rate
constants for the singlet radical pairs. Thus, the rate constants (leading to the keto precursors) of the 2-phenylacyl-1-naphthols from the
radical pairs of 1 (.108 s21) are .6 times the rate constants for the 4-isomers. Film stretching increases this selectivity but there is no
obvious correlation between the rate of the in-cage radical pair recombinations and macroscopic polymer, properties such as degree of
crystallinity and frequency of branched chains. By contrast, formation of (the keto precursors of) 2-benzylic-1-naphthols (from in-cage
recombinations after phenylacyl decarbonylation) is slower than for the 4-benzyl-1-naphthols. q 2000 Elsevier Science Ltd. All rights reserved.

Introduction

For several years, we have investigated the static and
dynamic properties of reaction cages afforded to a variety
of guest molecules by anisotropic media,1 including poly-
ole®n ®lms.2 The notion of a cage has been re®ned over the
last 65 years, since the pioneering work of Rabinowitch and
coworkers.3 However, even now, its de®nition differs
depending upon the nature of the system.4 Our prior investi-
gations have provided information concerning the size,
shape, and wall ¯exibility of polyole®n cages as well as

micro- and macro-scopic diffusion rates and rates of confor-
mational changes of guest molecules within them.1 The
dynamics and trajectories of motions of two species seques-
tered initially within one polyole®n cage have not been
investigated. We describe here a method for doing so in
three ®lms of unstretched and stretched polyethylene (PE)
that differ in degree of crystallinity and in isotactic and
syndiotactic polypropylene (PPP). Our monitors are the
relative product yields generated from irradiation of two
naphthyl esters, 1-naphthyl phenylacetate (1a) and 1-naph-
thyl 2-phenylpropanoate (1b) (Eq. (1)2a,5), and radical-pair
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recombination rates that are based upon the decarbonylation
of phenylacyl radicals as a `clock'.

`Radical clocks' provide a simple, inexpensive alternative
to direct spectroscopic methods for measuring rates of
reaction of short-lived intermediates.6 The utility of any
clock is limited by its intrinsic time frame;7 the response
must be concurrent with the process being investigated.
Although some radical clocks operate on time scales shorter
than one picosecond,8 it would be useful to extend the time
domain in which a particular clock operates since many,
such as the ones employed here, are limited to speci®c
applications.9 In `normal' (i.e. low-viscosity and isotropic)
media, less than one nanosecond is required for the recom-
bination of singlet radical pairs generated in a cage,10

including when the radicals are generated during the
photo-Fries type rearrangements of esters like 1.11,12 Decar-
bonylation of a phenylacyl radical from 1a or 1b is too slow
to compete with these recombination rates.10,13 However,
the (anisotropic) viscous space provided by polyole®n
cages should slow and direct the world around an acyl
clock without affecting the rate of its decarbonylation;
kinetic information on the recombination of phenylacyl/1-
naphthoxy radical pairs from 1 should become available.

Results

General sample preparations, irradiations, and
analytical procedures

Polyethylene and polypropylene ®lms were immersed for
protracted periods in chloroform and cyclohexane, respec-
tively, to remove antioxidants and plasticizers included by
the manufacturers. The cleaned ®lms imbibed 3±7 mmol/kg
dopant when placed in 10±20 mM 1-naphthyl ester solu-
tions. After the doped ®lms were irradiated at .300 nm
under nitrogen, photoproducts were removed ef®ciently by
extraction in several aliquots of the doping solvent. Mass
balances were .85% as indicated by quantitative GC

analyses. Relative product yields (normalized to 100%)
and percent conversions of 1 by GC analyses assume that
all species have the same detector response. During HPLC
analyses, peak areas were divided by the appropriate molar
extinction coef®cients at 254 nm to convert them to relative
product yields and conversions.

Irradiations in polymer ®lms

Esters 1a and 1b were irradiated in unstretched and
stretched PE (NDLDPE, BHDPE, and LLDPE; see
Experimental part for characterization of each) and
unstretched isotactic PPP (iso-PPP) and syndiotactic PPP
(syn-PPP). The relative photoproduct yields (Table 1) are
the averages from at least nine separate analyses ($3 runs
and $3 chromatograms/run; precision errors are one
standard deviation). The relative product yields were invar-
iant (within the limits of experimental error) to ca. 30%
conversion of 1. In all cases, no 1,2-diphenylethane from
1a or 2,3-diphenylbutane from 1b ((Bz)2) was found under
the irradiation conditions reported. 2-AN, the major
product, is always at least six times the yield of 4-AN.
The low relative yields (#4% in all of the experiments in
®lms) and broad peaks of 1-naphthol (NOL) in our chroma-
tographic analyses made it more dif®cult to quantify than
the other photoproducts in Eq. (1).

The in¯uence of temperature on photoreactions of 1b has
been studied also in unstretched and stretched NDLDPE
and unstretched BHDPE ®lms over a range (5±608C) that
does not include any phase transitions.14 It is above the glass
transition temperature and below the crystal melting
temperature. The irradiation temperature of the PPP
samples, 58C, is above the glass transition temperature.15

Both the [2-AN]/[4-AN] ratios and total relative yields of
decarbonylation products are consistently larger at lower
temperatures. Since phenylacyl decarbonylation rates
decrease with decreasing temperature, the unexpected
increase of BN and BzON products must be related to inter-
actions of the radicals with their polymeric environments.

Table 1. Relative yields (%) of selected photoproducts from 3±7 mmol/kg 1a and 1b in unstretched (u) and stretched (s) polyole®nic ®lms. The relative yield of
NOL was always ,4%

1 Film T (8C) 2-AN 4-AN 2-BN 4-BN BzON

a NDLDPE(u) 22 85.8^1.5 7.4^1.4 1.2^0.3 1.6^0.3 ,0.2
NDLDPE(s) 22 82.9^2.2 6.9^1.2 1.1^0.3 1.4^0.3 ,0.2
BHDPE(u) 22 87.9^0.4 5.8^0.9 0.9^0.3 1.3^0.1 ,0.2
BHDPE(s) 22 82.0^1.1 5.4^0.8 1.9^0.3 2.1^0.3 ,0.2

b NDLDPE(u) 5 84.4^1.4 5.6^0.7 1.1^0.2 3.0^0.2 1.5^0.5
22 82.7^0.8 6.3^1.1 1.2^0.7 3.5^0.9 1.7^0.3
40 78.9^1.1 10.1^1.0 1.5^0.3 2.8^0.1 2.0^0.2
60 74.9^1.0 13.0^1.5 1.8^0.6 3.5^0.2 1.9^0.3

NDLDPE(s) 5 56.9^1.5 4.0^0.2 8.8^0.3 11.7^1.6 7.3^0.6
22 74.7^1.4 6.0^1.5 2.7^0.2 8.0^0.5 3.0^0.5
40 70.7^1.9 8.5^0.4 3.8^0.3 7.4^0.8 3.1^0.3
60 72.2^0.4 11.6^0.8 1.4^0.2 5.6^0.3 2.3^0.1

BHDPE(u) 5 73.5^2.7 6.6^1.2 1.7^0.3 6.6^0.4 3.7^0.8
22 79.1^1.0 6.9^0.5 1.1^0.7 5.0^0.6 2.9^0.7
40 80.0^0.9 8.1^0.9 0.9^0.2 2.8^0.1 2.1^0.4
60 77.5^1.0 12.7^1.2 1.5^0.2 3.1^0.2 2.2^0.2

BHDPE(s) 22 66.2^1.0 5.5^0.1 4.3^1.3 10.9^1.8 4.6^0.3
LLDPE(u) 5 80.0^0.2 9.3^0.5 0.6^0.2 3.0^0.2 2.1^0.1
LLDPE(s) 5 65.1^0.8 8.5^0.5 3.7^0.2 8.3^0.8 4.4^0.2
iso-PPP(u) 5 78.0^1.0 12.5^0.5 1.9^0.3 3.6^0.4 1.7^0.4
syn-PPP(u) 5 75.2^0.2 9.3^0.1 2.7^0.6 6.0^0.2 2.5^0.5
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In¯uence of polyole®n structure, crystallinity, and
stretching on the photochemistry of 1

The polymeric chains of NDLDPE have more short
branches than those of BHDPE.14 Unfortunately, the three
polyethylenes also differ in degree of crystallinity, but in a
different order: BHDPE.NDLDPE.LLDPE. The iso-
PPP and syn-PPP ®lms have methyl groups arranged
regularly along polymethylene chains; there are many
more, but shorter, (methyl) branches than in the PE
®lms. In the unstretched ®lms, [2-AN]/[4-AN] ratios
from 1b are lowest in LLDPE and the two PPPs and
distinctly higher in the other two PE types; where com-
parisons are possible, ratios from 1a and 1b are similar.
For physical interpretations, it may be better to group the
reactions of benzylic radicals at the 1-naphthoxy positions
near initial ester lysis (i.e. at oxygen and C-2) and remote
from it (i.e. at C-4): ([2-BN]1[BzON])/[4-BN] ratios are
nearly constant (ca. 0.7±1.0) in all of the unstretched
®lms at 228C, but they are at least six times smaller than
[2-AN]/[4-AN]. There is no obvious correlation between
photoproduct ratios and either polymer branching or
crystallinity.

Film stretching is known to increase somewhat the degree
of crystallinity16 and decrease the free volumes of cages.17 It
has very little in¯uence on the [2-AN]/[4-AN] or
([2-BN]1[BzON])/[4-BN] ratios. However, except for
1a in NDLDPE, ®lm stretching increases markedly the
relative yields of [2-BN]1[BzON]1[4-BN], the total
yield of the three in-cage decarbonylation products (vide
infra).

Irradiations in isotropic solutions

Both 1a and 1b were also irradiated in hexane and t-butyl
alcohol (Table 2). The distributions of photoproducts from
1a and 1b are similar in the same solvent. When the solvent
is changed from hexane to t-butyl alcohol, the ratios of
[2-AN]/[4-AN] increase and the relative yields of
decarbonylation products decrease. At the same time,
there is a decrease of cage-escape products, NOL and
(Bz)2. In hexane, decreasing temperature from 22 to 58C
has no discernible effect on the [2-AN]/[4-AN] ratios from
1a (2.5) and 1b (2.7±2.8), but the total relative yield of
decarbonylation products, [2-BN]1[4-BN]1[BzON], is
decreased signi®cantly (from 22 to 15.6% for 1a and from
28 to 19.5% for 1b). These results are in marked contrast to
the trends observed upon reducing temperature in polyole®n
®lms (vide ante). Some irradiations were also performed in a
more viscous n-alkane, dodecane. The relative yields of the
photoproducts that could be analyzed are more similar to
those in t-butyl alcohol than in hexane; NOL and (Bz)2

could not be separated from the solvent peak during GC
analyses. At room temperature in dodecane, [2-AN]/[4-
AN] is 9 (1a) or 8 (1b) and [2-BN]/[4-BN]/[BzON] was
1/1.3/0.3 (1a) or 1/1.6/1.1 (1b).

Irradiations of 1a in the presence of thiophenol

Thiophenol, a good hydrogen atom donor,18 can intercept
ef®ciently radicals from 1 that escape from their
initial cages. The consequences of this trapping are
shown in Fig. 1. When thiophenol concentrations were
high, ([2-BN]1[4-BN]1[BzON])/([2-AN]1[4-AN]) ratios

Table 2. Relative yields of photoproducts from irradiations of 2 mM 1a or 1b in isotropic media

1 Medium T (8C) 2-AN 4-AN 2-BN 4-BN BzON BzN NOL (Bz)2

a Hexane 22 44.1^0.6 17.5^0.5 9.9^0.1 10.6^0.1 1.5^0.1 1.0^0.1 10.8^0.3 4.6^0.1
5 45.4^2.5 17.9^0.7 6.6^0.3 8.0^0.6 1.0^0.1 1.2^0.1 15.4^0.9 4.6^0.3

t-Butyl alcohol 26 89.2^0.8 3.8^0.5 0.7^0.1 0.6^0.1 0 0 2.8^0.8 2.9^0.5

b Hexane 22 44.6^0.7 16.6^1.6 8.0^0.2 17.0^0.6 3.0^0.3 0.6^0.1 5.1^0.5 5.1^0.2
5 52.5^1.5 18.7^2.7 5.2^0.7 11.3^0.7 3.0^0.2 0.4^0.1 5.7^0.2 3.2^0.1

t-Butyl alcohol 26 87.2^1.0 3.3^0.5 0.8^0.2 1.1^0.2 0.8^0.2 0 4.0^0.2 2.8^0.7

Figure 1. Selected photoproduct ratios from irradiations of hexane solutions of 1a in the presence of thiophenol: (X, left axis) ([2-BN]1[4-BN] 1[BzON])/
([2-AN]1[4-AN]); (O, left axis) [NOL]/([2-AN]1[4-AN]); (B, left axis) [(Bz)2]/([2-AN]1[4-AN]); (A, right axis) [2-AN]/[4-AN]. The small rise and fall of
the [2-AN]/[4-AN] ratios at low thiophenol concentrations is reproducible; its cause has not been pursued.
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could not be determined due to small peaks that partially
overlapped those for decarbonylation products in GC
pro®les. Both [(Bz)2]/([2-AN]1[4-AN]) and ([2-BN]1[4-
BN]1[BzON])/([2-AN]1[4-AN]) decrease with increasing
thiophenol concentration while [NOL]/([2-AN]1[4-AN])
increases. At the same time, the ratios of [2-AN]/[4-AN]
remain relatively constant.

Attempted sensitization of 1a photoreactions by
benzophenone triplets

To determine whether 1 can react in part from the lowest
energy triplet state, benzophenone was irradiated in the
presence of 1a (see Experimental section). Under conditions
for which .80% of the benzophenone in the benzophenone/
benzhydrol solution was lost and signi®cant amounts of
benzopinacol were formed,19 no benzopinacol or photo-
Fries products or loss of benzophenone was detected from
the benzophenone/benzhydrol solution containing 1a. These
results demonstrate that 1a is an ef®cient quencher of
benzophenone triplet states. In addition, the triplet state
energies of benzophenone (289.5 kJ/mol20), 1-naphthyl
acetate (251.8 kJ/mol21), and 1-naphthyl 2-methyl-2-
phenylpropanoate (249 kJ/mol, as estimated from its lowest
wavelength phosphorescence peak12) indicate that 1a should
be excited ef®ciently by benzophenone triplets. The lowest
triplet state of 1a is unreactive. The participation of an upper
triplet state in the reactions is unlikely, but it cannot be
excluded on the basis of these experiments.

Determination of ¯uorescence decay constants for 1 in
hexane and in two polyole®n ®lms

All decay curves were accumulated as time-correlated
single photon counting histograms using one excitation
wavelength (280 nm) and three emission wavelengths
(325, 334, and 339 nm). The curves for one sample were
analyzed individually and then globally. The global results
are described here. In degassed hexane solutions, the
dynamic ¯uorescence can be ®t reasonably well to single
exponential decays: tù11.6 ns for 1a and ù10.3 ns for 1b.
Two constants are necessary to ®t the decays from 1a and 1b

in NDLDPE and BHDPE, the only polyole®n media
examined in this way.

The shorter decay components of 1a, t s<8 ns, represent ca.
90% of the total ¯uorescence in unstretched NDLDPE and
ca. 75% in the stretched ®lm. Consistently, stretching
increased slightly (ca. 0.5 ns) t s and the longer component,
t l<18 ns. In BHDPE, the decay constants were slightly
smaller than in NDLDPE, but larger increases to t s and t l

(0.7 and 3.9 ns, respectively) were observed upon ®lm
stretching and the relative importance of the shorter compo-
nent decreased from ca. 80% to ca. 70% of the total.

Although the decay constants for 1b and their changes upon
®lm stretching were very similar to those for 1a, the relative
importances of the shorter component were somewhat
smaller: in NDLDPE, ca. 80% (u)!70% (s); in BHDPE,
ca. 65% (u)!60% (s).

Discussion

The photo-Fries reaction21,22,23

The kinetic steps pertinent in our work to the reactions of 1
in the polyole®n ®lms are shown in Scheme 1. It includes
mechanisms for formation of all products detected and is
consistent with the results from the thiophenol trapping
experiments. It excludes some photophysical processes,
such as ¯uorescence from 11 states and 11!31!1 inter-
system crossing. Our `clock' (k±CO) is started by homolysis
of the (Ov)C±O bond from 11 states21,23 to generate a
phenylacyl and a 1-naphthoxy radical pair. The inability
of reactions of 1a and 1-naphthyl acetate to be sensitized
by benzophenone triplet states in hexane solutions under
conditions where photoreduction of benzophenone by
added benzhydrol is completely suppressed19 agrees with
the prior attribution of the photo-Fries reaction to the singlet
manifold.23,24

In-cage radical pair rearrangement to form 2- and 4-phenyl-
acyl-1-naphthols, 2-AN and 4-AN, after enolization of the
original keto intermediates,23 competes with reformation of
1 and cage escape. The latter leads to a mixture of radical

Scheme 1.
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trapping products (e.g. NOL) when 1-naphthoxy radicals
abstract hydrogen atoms from a host matrix14) and coupled
radicals (e.g. 2- and 4-BN, BzON, and the benzylic dimer,
(Bz)2). In addition, some of the BN, and BzON may be
formed in-cage if the rate of cage escape is slower than
the rate of phenylacyl decarbonylation when it occurs
(vide infra). The decarboxylation process leading to BzN25

affects the absolute yields of AN, BN, BzON, NOL, and the
other products in Eq. (1), but not their yields relative to each
other or their rate constants for formation.

Formation of the `normal' photo-Fries products, the AN
isomers, is environmentally mediated (i.e. sensitive to the
size, shape, and wall ¯exibility of the reaction cages1). The
disparity between the selectivities of AN and BN isomer
formations is not explained by different intrinsic rates of
reaction of benzylic and phenylacyl radicals: in the only
clear comparison of addition rates of a carbonylated/
decarbonylated radical set to a common substrate we have
found, the decarbonylated radical, t-butyl, reacts more
rapidly with acrylonitrile than its carbonylated analogue,
pivaloyl.26

Alternatively, the relative positions (with respect to a
1-naphthoxy radical) at which the phenylacyl and benzylic
radicals are created may mandate which product isomer is
formed eventually. The period between lysis of 11 and
decarbonylation may permit most of the orientational effects
of the initial radical pair to be lost before 1-naphthoxy and
benzylic radicals combine.27 To test this possibility, [2-BN]/
[4-BN] ratios from benzyl 1-naphthyl ether (BzONa) were
measured.28 Lysis of BzONa allows a `decarbonylated'
radical pair to begin its existence with the two radical
centers oriented like a carbonylated radical pair (from 1).
In the ®lms, as well as in cyclohexane, [2-BN]/[4-BN]
from BzONa is near 2. These results indicate that the
([2-BN]1[BzON])/[4-BN]) ratios from 1 in ®lms are from
combinations of radical pairs that are closer to being
spatially equilibrated than their phenylacyl/1-naphthoxy
analogues. Initial relative positions and orientations of the
radical pairs in ®lms contribute to (but are not the sole
source of) the disparities between the [2-AN]/[4-AN] and
[2-BN]/[4-BN] (or ([2-BN]1[BzON])/[4-BN]) ratios.

The decarbonylation step

The stopping point of our clock is marked by decarbonyl-
ation of a phenylacyl radical. Although k±CO is dependent
upon temperature and to a lesser extent on solvent polar-
ity,29 it does not appear to be sensitive to medium viscosity.
This conclusion is based on decarbonylation rates of
pivaloyl which are nearly the same in hexane and tetra-
decane29 and decarboxylation rates which have been
shown to be invariant in paraf®ns from hexane to octa-
decane.30 Thus, we assume that k±CO in isooctane and the
polyole®nic ®lms are the same. At 228C in isooctane, k±CO

is 4.8£106 s21 for phenylacetyl (from 1a) and 4.0£107 s21

for 2-phenylpropanoyl (from 1b).13 The nearly one order of
magnitude of difference in rates for these two phenylacyl
radicals results in more decarbonylation products from 1b
than 1a in the polyole®nic ®lms (Table 1).

The reverse step, addition of CO to a benzylic radical (to

reform phenylacyl), cannot compete with radical-pair
combinations. The activation energy for carbonylation of
a primary radical is 6.0 kcal/mol in benzene solution,9d

and the rate of addition of CO to benzyl is much slower
than to a primary radical. Carbon monoxide is a passive
observer even if it remains inside the polyole®n cages for
the duration of the radical-pair reactions.

However, its presence may inhibit some motions of the
radical pair because it can occupy crucial space within a
cage needed to attain product-forming transition states.
The vectoral distance (d) traveled by a CO molecule from
the locus of its formation in the radical-pair cage during a
period of time (t) can be approximated from knowledge of
the diffusion coef®cients (D)31a and the simple expression,
d�(2Dt)1/2.31b On this basis, a molecule of CO is able to
move ,5 AÊ during 1 ns and .10 AÊ during 100 ns in the
polyole®nic ®lms. These distances/times are intermediate
between CO remaining within and effectively escaping
from a cage containing a benzylic/1-naphthoxy radical pair.

Experimental differentiation of in-cage and out-of-cage
reactions

Given the low dopant concentrations and low light ¯uxes
employed, no more than one radical pair should occupy one
cage at any time. As a result, (Bz)2 is the only radical
recombination photoproduct in Scheme 1 that must be
from out-of-cage reactions; the two radicals from which it
forms arise from two different molecules of 1.

The presence of signi®cant amounts of (Bz)2 indicates that
the BN and BzON from irradiations of either 1a or 1b in
N2-saturated hexane derive mainly from out-of-cage
recombinations of the initially formed radical pairs. In
hexane, the other recombination photoproducts, 2-AN and
4-AN, must be formed almost exclusively by in-cage
processes based on results from the experiments in the
presence of benzenethiol.18 No (Bz)2 was detected from
irradiation of 1a in the presence of 2£1022 M benzenethiol
because benzylic radicals that escape from their initial
hexane cages are scavenged by thiol more rapidly than
they can ®nd another radical fragment from 1. The
[2-AN]/[4-AN] ratio was constant and the [BN]/[AN] ratio
approached zero as the thiol concentration was increased
further, the AN products must be formed in-cage even in
hexane. The presence of (Bz)2 (in the absence of benzene-
thiol) is our indicator that some of the BN and BzON is
derived from combination of radicals which have escaped
from their initial cages. Its absence is evidence that no out-
of-cage radical pair recombinations are occurring.

Irradiations of 1 in the polyole®n ®lms yield some BN and
BzON, but no discernible (Bz)2 coupling product. The
absence of (Bz)2 is strong evidence that BN and BzON
are formed in-cage. In the polymeric media, radicals
which escape from their initial cages must be scavenged
ef®ciently by trap sites, such as unsaturated groups and
easily abstractable hydrogen atoms,14 which serve the func-
tion of benzenethiol in hexane solutions. The scavenged
product from 1-naphthoxy radicals is NOL; due to experi-
mental dif®culties, no attempts to quantify the scavenged
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products from phenylacyl or benzylic radicals, the other part
of the initial pair, were made.

A model for kinetic analyses in the polyole®nic ®lms

If all of the AN, BN, and BzON photoproducts emanate
from in-cage processes and there are no secondary photo-
reactions, expressions for k2A and k4A (Eqs. (2) and (3)) can
be derived using the mechanism in Scheme 1. The
constancy of the relative yields in the ®lms up to 30%
conversion of 1 is evidence that secondary photoreactions
are negligible, and the absence of detectable (Bz)2 indicates
that the photoproducts in Eqs. (2) and (3) are from in-cage
reactions. Thus, the necessary conditions are met. Besides
the relative yields of the photoproducts, only the absolute
values of k±CO are necessary to calculate k2A and k4A. For
reasons discussed above,29,30 the k±CO are from decarbonyl-
ations of the appropriate phenylacyl radicals in isooctane.13

Due to the uncertainty of the origin of NOL (i.e. the extent
to which the kesc 0 path participates), Eqs. (2) and (3) are only
approximately correct; the absolute values of k2A and k4A

may be overestimated by #5%. However, the k2A/k4A (�[2-
AN]/[4-AN]) and k2B/k4B/kE (�[2-BN]/[4-BN]/[BzON])
ratios do not depend on the origin of NOL.

k2A ù k±CO�2-AN�={�2-BN�1 �4-BN�1 �BzON�} �2�

k4A ù k±CO�4-AN�={�2-BN�1 �4-BN�1 �BzON�} �3�

The general nature and number of reaction cage types in
the polyole®n media

A simple explanation for the constancy of the relative
photoproduct yields with conversion is that the occupied
cages within one polyole®n ®lm are very similar. The data
are equally consistent with the presence of more than one
site type if the molecules of 1 have the same molar extinc-
tion coef®cients and quantum yields for reaction in all of the
site types, or molecules in all but one site type do not

undergo photo-Fries type reactions. Analyses of only the
photoproduct mixtures do not allow these possibilities to
be distinguished. However, multi-site models are frequently
invoked to explain reactivity patterns and spectroscopic
properties of guest molecules in heterogeneous media,1

including polyole®n ®lms.5,32

The ¯uorescence decay measurements suggest that mole-
cules of 1 do reside in more than one (distinguishable)
cage type in the polyole®n ®lms. It is unwise to convert
the relative percentages of t l and t s in the decay histograms
into mole fractions of cage occupancies because the quan-
tum ef®ciency of ¯uorescence from 11 in each cage type is
unknown. However, the decay percentages and their
changes upon ®lm stretching do provide a qualitative
measure of the occupancies. The ¯uorescence data are
consistent with a model in which some molecules of 1 reside
in the amorphous part and others are along crystalline±
amorphous interfaces of the ®lms.32 Since ®lm stretching
tends to translocate dopant molecules like 1 from
amorphous to interfacial sites,32 we associate the molecules
with t l to the (more rigid) interfacial sites and those with t s

to the (less rigid) amorphous ones. Due to the proximity of
crystalline chains in interfacial regions, the walls of their
cages are stiffer than those of the amorphous cages and,
therefore, should inhibit conformational motions of 11 states
to a greater extent.

On this basis, the majority of molecules of 1 resides (and
reacts) in cages within the amorphous part, even in stretched
®lms. Thus, one of the limiting conditions described above
for a multi-site model must be operative. For the purposes of
discussion, we will assume that only one of the cage types,
probably that in the amorphous regions of the ®lms, allows
photoreactions of 1. In fact, the much longer lifetimes of 11
states in interfacial cages may be a consequence of much
less ef®cient lysis (k1 and kc in Scheme 1); we have been
unable as yet to test this possibility. Regardless, the several
nanosecond lifetimes for molecules in amorphous cages

Table 3. Calculated rate constants and rate constant ratios for formation of selected photoproducts from 3±7 mmol/kg 1a and 1b in unstretched (u) and
stretched (s) polyole®nic ®lms

1 Film T (8C) 1028k2A (s21) 1027k4A (s21) k2A/k4A k2B/k4B/kE

a NDLDPE(u) 22 1.5 1.3 12 1/1.3/,0.2
NDLDPE(s) 22 1.6 1.4 12 1/1.3/,0.2
BHDPE(u) 22 2.0 1.3 15 1/1.4/,0.2
BHDPE(s) 22 1.0 0.7 15 1/1.1/,0.2

b NDLDPE(u) 5 3.2 2.1 15 1/2.7/1.4
22 5.1 3.9 13 1/2.9/1.4
40 9.3 12 8 1/1.9/1.3
60 14 25 6 1/1.9/1.1

NDLDPE(s) 5 0.43 0.32 14 1/1.3/0.8
22 2.2 1.7 13 1/3.0/1.1
40 3.7 4.4 8 1/1.9/0.8
60 10 17 6 1/4/1.6

BHDPE(u) 5 1.3 1.2 11 1/3.9/2.2
22 3.5 3.1 12 1/4.5/2.6
40 10 10 10 1/3.1/2.3
60 16 25 6 1/2.1/1.5

BHDPE(s) 22 1.3 1.1 12 1/2.5/1.1
LLDPE(u) 5 3.0 3.5 9 1/5.0/3.5
LLDPE(s) 5 0.84 1.1 8 1/2.2/1.2
iso-PPP(u) 5 2.3 3.7 6 1/1.9/0.9
syn-PPP(u) 5 1.4 1.8 8 1/2.2/0.9
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indicates that they are able to explore several conformations
in their excited singlet states before reacting (N.B., follow-
ing the pathways initiated by kc). The nature of those
motions and those of the biradical pairs produced upon
lysis of 11 will be mediated by steric constraints imposed
by the size, shape, and wall stiffness of the cages.1

The relative preference of a phenyacyl radicals to add to the
2- or 4-position of a 1-naphthoxy radical can be assessed in
the absence of steric and solvent effects from free electron
densities. The 1-naphthoxy free electron densities, as calcu-
lated from epr spectra,33 are 0.350 and 0.456 at positions 2
and 4, respectively. On this basis alone, the [2-AN]/[4-AN]
(and [2-BN]/[4-BN]) ratios are predicted to be #1. Clearly,
this is not the case for [2-AN]/[4-AN]. In addition, the
[2-BN]/[4-BN] ratios for 1b, except in t-butyl alcohol, are
much lower than expected. Only the [2-BN]/[4-BN] ratios
for 1a at 228C (Table 2) are consistent with the epr-based
prediction.

Preferences for addition to 1-naphthoxy that include steric
factors, but very small contributions from cage-related
inhibitions (including hydrogen-bonding effects available
in t-butyl alcohol), can be estimated from [2-AN]/[4-AN]
and [2-BN]/[4-BN] ratios in hexane. The cages afforded by
hexane have polarities similar to the polyole®n ones, but
much weaker walls (so that reactivity of the radical pair is
virtually unimpeded by solvent viscosity), and almost no
local anisotropy. At 228C, there is a large disparity between
the [2-AN]/[4-AN] ratios in hexane (#3) and in the poly-
ole®n ®lms ($6). By contrast, the [2-BN]/[4-BN] ratios
tend to be somewhat smaller in the polyole®ns than in
hexane! These completely opposite trends (Table 3),
combined with results from irradiation of BzONa demon-

strate that polyole®n cages interact differently with
carbonylated and decarbonylated radical pairs.

Absolute rate constants for phenylacyl/1-naphthoxy
radical pair reactions in polyole®nic ®lms

Absolute values of k2A and k4A from Eqs. (2) and (3) in the
polyole®nic ®lms are 1±2 orders of magnitude slower than
in isotropic media of low viscosity10 (Table 3). Equally
notable is the ca. one order of magnitude difference between
k2A and k4A. Due to the complexity of the structures of the
®ve polyole®ns, it is not possible to identify one or more of
their macroscopic properties that are primarily responsible
for the relatively small differences among the k2A or k4A

values at one temperature. Investigations in a larger number
of ®lms with a wide range of crystallinities, branching, etc.
will be necessary to determine which aspects of the
polymers are most important to cage dynamics of the radical
pairs. Regardless, the breadth of the k2A or k4A values in the
polyole®n media at 228C is small, even when structural
differences between 1a and 1b are not considered. There
is, however, a general trend that both k2A and k4A of 1b
decrease by .50% when a ®lm is stretched. Stretching
causes similar decreases to k2A and k4A for 1a in BHDPE
but almost no change is detected in NDLDPE for reasons
that we do not understand. The general trends of the rate
data are consistent with the smaller cages that are caused by
®lm stretching.17

The in¯uence of stretching can be discerned also in the
activation energies, Ea2-AN and Ea4-AN, for formation of
2-AN and 4-AN, respectively, in unstretched and stretched
NDLDPE (Table 4). Ea2-AN and Ea4-AN have been calcu-
lated from the slopes of the Arrhenius plots in Fig. 2; we

Table 4. Activation parameters for formation of 2-AN and 4-AN from 1b in PE ®lms

Film Ea2-AN (kJ/mol) log(A) log(s21) Ea4-AN (kJ/mol) log(A) log(s21)

NDLDPE(u) 21.3^0.8 12.6^0.2 34.7^2.9 13.9^0.5
NDLDPE(s) 42.6^5.9 15.7^1.0 53.5^2.9 16.6^0.5
BHDPE(u) 41.2^3.3 14.9^0.6 43.1^2.9 15.2^0.5

Figure 2. Arrhenius plots of k2A and k4A from 1b in PE ®lms: (B) k2A in NDLDPE (u); (X) k4A in NDLDPE (u); (O) k2A in BHDPE (u); (P) k4A in BHDPE
(u); (V) k2A in NDLDPE (s); (1) k4A in NDLDPE (s).
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have less con®dence in the preexponential factors, A, since
they are based on a large extrapolation and are subject to
greater error. There is a clear increase in both activation
energies when the NDLDPE ®lm is stretched. Interestingly,
the activation energies in the unstretched ®lm of highest
crystallinity, BHDPE, are between those in unstretched
and stretched NDLDPE. The greater crystallinity of
BHDPE may make the walls of its cages in the amorphous
regions stiffer than those of NDLDPE.

In¯uences of polyole®n cages on the fate of singlet
biradical pairs from 1

The data presented thus far indicate that macroscopic ®lm
properties do not provide important insights into the size,
wall stiffness, and anisotropy of the reaction cavities. A
similar conclusion was reached from studies of translational
diffusion of guest molecules in several polyethylene ®lms.14

Because the van der Waals volumes of both 1a (237 AÊ 3) and
1b (254 AÊ 3)34 are larger than the mean free volumes avail-
able in `voids' of native polyole®n ®lms,17,35 the occupied
cages must be stressed; to some extent, the probe molecules
must act as a template to de®ne their own microenviron-
ments. From positron annihilation studies, the average void
volumes are 139 and 121 AÊ 3 for unstretched and stretched
NDLDPE, respectively, and 124 and 113 AÊ 3 for unstretched
and stretched BHDPE, respectively.17 Guest molecules of 1
feel external pressures from neighboring polymer chains
that increase upon ®lm stretching. In addition to reducing
the available volume in a cage, macroscopically stretching a
®lm may induce other microscopic changes by increasing
wall stiffness and altering cage shapes.5

The orientations of approach taken by an acyl and a benzylic
radical when adding to a p-orbital of a 1-naphthoxy ring are
different (Fig. 3). Orbital overlap during bond formation
requires that the long axis of bent acyl36 be projected
obliquely and planar benzylic be projected approximately
coparallel to the plane of 1-naphthoxy. Consequently, the
shape changes of a cage during transformation of a molecule
of 1 to a keto precursor of AN or BN must differ. The ability
of either type of keto intermediate to form will be subject to
constraints imposed by the rates of relaxation of the
molecules in isotropic media or chains in polymeric media
that de®ne the cage walls. Those rates are very rapid in
isotropic media of low viscosity. However, they are slower
than or comparable to the time scales for in-cage radical-
pair recombinations in polyole®nic media.27 Consequently,
the polymeric cages will resist the creation of additional

space in the dimension orthogonal to the naphthoxy plane
(z-axis). Because formation of AN keto precursors requires
creation of more space along this axis than do the BN
precursors, the rates of the former should be more affected
by the polyole®nic cages. Thus, a probable source of the
greater photoproduct selectivity and rate diversity among
AN isomers (N.B., k2A$6k4A) is `viscous space' (i.e. spatial
contraints imposed anisotropically by the media) rather than
steric or electronic factors intrinsic to the reacting species.37

Conclusions and general considerations

We have demonstrated that a wide variety of polyole®n
media in¯uence in very similar ways the dynamics and
fates of singlet radical pairs generated by irradiation of
two 1-naphthyl phenylacylates with similar shapes and
molecular volumes. Evidence has been presented for the
amorphous regions of the polymer ®lms being the major
locus of reactive cages. Although the polyole®nic media
are morphologically diverse, the reaction cavities they
provide to molecules of 1 appear to be quite similar. This
is probably a result of both the similar shapes of the esters
and the saturated hydrocarbon-like nature of the media
chains. The cages are not just viscous analogues of liquid
hydrocarbons since the shapes of the guest molecules appear
to mandate the types of motions available to their radical
pairs: wall stiffness (which in this case is related to relaxa-
tion rates of the polyole®nic chains) and cage shape aniso-
tropy force the radical pairs to retain some memory of their
precursor; the esters act as partial templates for the space
that can be explored by the radical pairs they produce. As a
result, the lifetimes of the initial phenylacyl/1-naphthoxy
radical pairs are lengthened signi®cantly, allowing some
decarbonylation to occur in-cage at temperatures where it
is not observed in non-viscous, isotropic media. Addition-
ally, the benzylic/1-naphthoxy radical pairs resulting from
decarbonylation are able to explore a larger space and nearly
`equilibrate' before combining.

Of equal importance is our demonstration that absolute rate
constants for radical-pair recombination processes can be
measured in polyole®n media without direct observation
of the radicals. Regardless of the detailed reasons for the
substrate dependence on the rate constants, the method
described for calculating them should be applicable to
other isotropic and anisotropic media provided they are
capable of trapping radicals that escape from the initial
cages. Additionally, the time frame in which the
decarbonylation clock operates can be varied by more

Figure 3. Approximate orientations for radical addition to 1-naphthoxy by (a) carbonylated and (b) decarbonylated radicals from 1a (R 0�H) or 1b (R 0�CH3).
Addition to C-4 is shown. The z-axis is orthogonal to the 1-naphthoxy plane.
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than 15 orders of magnitude by changing the structure of the
acyl radical13,38 Judicious choice of the acyl portion of the
reactant will allow a wide variety of molecular motions of
radical pairs to be investigated quantitatively. Clearly,
several unexpected trends in radical-pair reactivity have
been discovered, and much more mechanistic information
should be available from future experiments.

Experimental

Instrumentation

Melting points are corrected. IR spectra (in Nujol mulls or
KBr pellets) were recorded on a MIDAC FT-IR or NICO-
LET 7000 series FT-IR spectrometer. 1H NMR spectra were
obtained on Bruker 270 MHz NMR spectrometer with a
Tecmag operating system or Varian Mercury 300 MHz
NMR spectrometer interfaced to a Sun SparcStation 5.
UV±VIS absorption spectra were recorded on Perkin±
Elmer Lambda 6 UV/VIS spectrophotometer. Fluorescence
decay histograms were obtained with an Edinburgh Analy-
tical Instruments model FL900 single photon counting
instrument using H2 as the lamp gas. Solutions and ®lms
were degassed in 4 mm thick quartz cuvettes on an Hg-free
vacuum line using several freeze±pump±thaw cycles at
,1025 Torr. `Scatter' peaks of very short duration present
in the decay pro®les of the polymer ®lms were included in
the ®tting analyses but are not reported.

Gas chromatography (GC) was conducted on a Hewlett-
Packard 5890 gas chromatograph equipped with a ¯ame
ionization detector, a Hewlett-Packard 3393A integrator,
and either a 2.0 mm Hewlett Packard HP-17 (10 m£
0.53 mm or 5 m£0.53 mm) or 0.25 mm Alltech DB-5
(15 m£0.25 mm) column. GC±MS was performed on a
FISONS MD-800 GC±MS instrument using a DB-5
column.

HPLC analyses used a Waters 440 absorbance detector
(254 nm) and a Waters 6000A solvent delivery system
and either an Alltech 5 m silica gel (250 mm£4.4 mm)
column (15:1:1 (v:v:v) hexanes/ethyl acetate/methanol) or
a Waters Symmetry C18 column (3.9 mm£150 mm) (2:1
(v:v) acetonitrile/water).

Reagents

Styrene (inhibited with 10±15 ppm 4-tert-butylcatechol,
991%) and benzopinacol (99%) were used as received
from Aldrich. Benzhydrol (Aldrich, 99%) was recrystallized
from petroleum ether. Benzophenone (Aldrich, 99%) was
recrystallized from benzene. Hexane (Aldrich, 991%) and
t-butyl alcohol (Fisher, 99%) were distilled before use when
a solvent for photoreactions. Thiophenol (ACROS) was
99% by GC analysis after distillation under N2 (just before
use). 1-Naphthol, a dark red solid (Aldrich, 991%), was
chromatographed (silica gel, 5% ethyl acetate in hexane)
to yield white needles, mp 93.7±95.48C (lit.39 mp 95.8±
96.08C). Methylene chloride was dried over P2O5, distilled,
and then stored over 4 AÊ molecular sieves. THF was dried
and distilled from Na/benzophenone.40

High density polyethylene ®lms (BHDPE; 51% crystal-
linity, type ES-300; Polialden Petroquimica, Brasil) and
low density polyethylene ®lms (NDLDPE; 26% crystal-
linity; DuPont of Canada) have been characterized
previously.14,17,41 Linear low density polyethylene ®lms
(LLDPE; thickness, 25 mm; density, 0.917 g/cm3, 21%
crystallinity based upon DSC42) was from Exxon. The PE
®lms were immersed in 3 chloroform aliquots during one
week to remove additives and dried. Granules of isotactic
polypropylene (iso-PPP; ca. 39% crystalline from DSC43;
Slovnaft, Slovakia) and syndiotactic polypropylene (syn-
PPP; heat of melting�28 J/g from DSC, but no reliable
heat of melting for 100% crystalline material is available;15

Mw 1.6£104, Mw/Mn 2.2, R-M-M-R/total sequences�1.27%
by NMR; Himont, Ferrara, Italy) were pressed into ®lms
(260 mm thick) at 35±40 K Newtons pressure for 2 min at
190 and 1808C, respectively. They were immersed in three
cyclohexane aliquots over a period of at least one week to
remove antioxidants and plasticizers and then dried under
vacuum. All of the leached ®lms were stored under a nitro-
gen atmosphere in the dark until use. Strips of ®lm were
immersed in methylene chloride (PE) or cyclohexane (PPP)
solutions containing 10±20 mM 1 for various periods to
achieve the desired dopant concentrations. Then the ®lm
surfaces were rubbed gently with a tissue soaked in hexane
and dried under a stream of nitrogen before irradiation.
Concentrations of 1 in ®lms were calculated from averaged
optical densities of at least three different parts of each ®lm,
®lm thicknesses, and molar extinction coef®cients (e ) of the
dopant molecule in hexane (at 280 nm). Some doped ®lms
were cold-stretched slowly by hand to ca. 4 (NDLDPE) or 5
(LLDPE and BHDPE) times their original length.

Irradiation procedures

Films were placed in closed Pyrex glass containers, purged
with nitrogen for about 15 min, and irradiated on both faces
for the same length of time with the Pyrex-water ®ltered
output of a Hanovia 450 W medium pressure lamp. At
temperatures other than 228C, ®lms in nitrogen-®lled
Pyrex tubes were irradiated in a stirred (heated or cooled)
water bath whose temperature was constant (^18C) during
the exposure period. Nitrogen was bubbled through solu-
tions in hexane and t-butyl alcohol for ca. 15 min prior to
irradiation under nitrogen in closed Pyrex tubes.

Product analyses

Irradiated ®lms were kept in the dark in methylene chloride
(PE) or cyclohexane (PPP) that were changed every 6 h
until no starting material and/or photoproducts were detect-
able by HPLC and/or GC analyses in the last aliquot. The
combined aliquots were concentrated under reduced pres-
sure before being analyzed. Photoproducts were identi®ed
and quanti®ed using authentic samples and GC analyses and
by their fragmentation patterns during GC±MS analyses.
Irradiated solutions in hexane and t-butyl alcohol were
analyzed directly by GC.

Benzophenone sensitized photoreactions of 1a36,44

Nitrogen-saturated hexane solutions of benzophenone
(3.0 mM)/benzhydrol (6.0 mM) and benzophenone
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(3.0 mM)/benzhydrol (6.0 mM)/1a (6.0 mM) were
irradiated side-by-side in closed Pyrex tubes using an
extra 0±52 glass ®lter (cutoff ,340 nm). UV spectra and
reverse phase HPLC chromatograms were recorded before
and after irradiations. Changes in the concentration of
benzophenone were monitored at 360 nm.

Thiol-trapping experiment

Different amounts of thiophenol were added to Pyrex tubes
containing 2 mL aliquots of N2-saturated 2 mM 1a in
hexane. The solutions were irradiated side-by-side for the
same period and analyzed by GC.

Syntheses

Spectroscopic data for some of the previously reported
compounds are available in Appendix A.

1-Naphthyl phenylacetate (1a) was synthesized in 80%
yield from phenylacetic acid and 1-naphthol:45 .99%
pure by normal phase HPLC and GC, mp 43.0±45.38C
(lit. mp46 46±478C).

Benzyl 1-naphthyl ether was synthesized in 74% yield
from 1-naphthol and benzyl bromide:47 .99% by GC, mp
72.5±75.08C (lit. mp47 778C).

2-Phenylacetyl-1-naphthol and 4-phenylacetyl-1-naphthol
were synthesized from 1a and AlCl3 in CS2.

48 The crude
product, a red oil, was chromatographed (silica gel) with
2% ethyl acetate in hexanes to elute ®rst 2-phenylacetyl-
1-naphthol, a bright yellow solid (1.2 g, 46%), mp 90.7±
93.58C (lit. mp49 968C). CHCl3 then eluted 4-phenylacetyl-
1-naphthol, a yellow solid (0.5 g, 23%), mp 181.8±184.58C
(lit. mp49,50 185±1878C).

2-Benzyl-1-naphthol was prepared by zinc amalgam
reduction51 of 2-benzoyl-1-naphthol (mp 59.8±68.78C)52

in 7% yield: pale yellow needles, mp 68.7±72.68C (lit.
mp53 73±78C).

4-Benzyl-1-naphthol was synthesized by zinc amalgam
reduction51 of 4-benzoyl-1-naphthol (mp 156.6±161.18C54

in 3% yield: off-white solid, mp 119.5±123.08C (lit. mp55

125±1268C).

1-Benzylnaphthalene was prepared by hydrazine/KOH
reduction of 1-benzoylnaphthalene (mp 72.4±75.58C)56 in
45% yield: white solid, 98% pure by reversed phase HPLC,
mp 57.1±59.58C (lit. mp57 57±588C).

1-Naphthyl 2-phenylpropanoate (1b) was prepared from
puri®ed 1-naphthol and 2-phenylpropanoic acid45 in 73%
yield: white needle crystals, .99% by GC, mp 51.2±
53.38C (lit. mp58 49±508C).

1-(1-Naphthyl)-1-phenylethane. Under a nitrogen atmos-
phere, a stirred solution of 1-(1-naphthyl)-1-phenylethanol
(0.9 g, 3.6 mmol), NaBH4 (1.5 g, 35 mmol), and 20 mL dry
THF was cooled in an ice-bath and 20 mL tri¯uoroacetic
acid (TFA) was added during about 1 h. (Note: The addition
of TFA must be extremely slow to avoid uncontrolled gas

evolution.) The reaction mixture was poured into a stirred
solution of 30 mL 25% aqueous NaOH that was pre-cooled
in an ice-bath. It was extracted with ether (3£30 mL) and
the combined etherates were washed with a copious amount
of water and dried (Na2SO4). The yellowish oil from
evaporation of the liquid was chromatographed (silica gel;
hexanes) to yield 0.7 g (83%; .98% by GC) of a colorless
oil that became a white solid upon refrigeration: mp 58±
628C (lit. mp59 62±38C).

2-(1-Phenylethyl)-1-naphthol and 4-(1-phenylethyl)-1-
naphthol. Styrene (1.1 mL, 10 mmol) in 4 mL toluene
was added periodically during a 2 h period to a solution of
1-naphthol (3.0 g, 21 mmol), 10 mL toluene, and 3 drops of
conc sulfuric acid. After 1 h, the liquid was evaporated to
yield a dark red oil that was chromatographed twice (silica
gel; 2% ethyl acetate in hexanes) to yield 0.4 g (16%; .96%
pure by reverse phase HPLC) 2-(1-phenylethyl)-1-naphthol
as a pale red oil. IR (neat) 3514 (b and s, ±OH), 3025 and
3058 cm21 (aromatic); 1H NMR (CDCl3/TMS, 300 MHz)
7.19±8.10 (m, 11H, aromatic), 5.10 (s, 1H, ±OH), 4.49
(quartet, 1H, ±C(O)±CH(CH3)Ph, J�7.2 Hz), 1.74 ppm
(d, 3H, ±C(O)±CH(CH3)Ph, J�7.2 Hz); UV/Vis (2/1 aceto-
nitrile/water) lmax (e) 293 (4210); mass m/z calculated for
C18H16O 248, found 248.

4-(1-Phenylethyl)-1-naphthol and 1-naphthol eluted together
and were separated by reverse phase column chromatography
(C18-functionalized silica gel; 1:1 (v:v) methanol:water
(1-naphthol) followed by 9:1 (v:v) methanol:water (4-(1-
phenylethyl)-1-naphthol)). The former was a red oil,
0.25 g (10%; .95% by reverse phase HPLC). IR (neat)
3541 (b and s, ±OH), 3026 and 3059 cm21 (aromatic); 1H
NMR (CDCl3/TMS, 300 MHz) 6.77±8.24 (m, 11H,
aromatic), 5.81 (s, 1H, ±OH), 4.80 (quartet, 1H, ±C(O)±
CH(CH3)Ph, J�6.9 Hz), 1.72 ppm (d, 3H, ±C(O)±
CH(CH3)Ph, J�6.9 Hz); UV/Vis (2/1 acetonitrile/water)
lmax (e ) 303 (6150); mass m/z calculated for C18H16O
248, found 248.

1-[2-(1-Hydroxynaphthyl)]-2-phenyl-1-propanone and 1-
[4-(1-hydroxynaphthyl)]-2-phenyl-1-propanone. A mixture
of AlCl3 (1.0 g, 7.5 mmol), 1b (1.65 g, 6 mmol), and 30 mL
CS2 was re¯uxed overnight in a dry atmosphere. The
residue, after evaporation of the liquid, was treated with
20 mL 17% hydrochloric acid and extracted with ether
(3£50 mL). The combined ether layers were washed with
water (3£50 mL), dried (Na2SO4), and evaporated to a red
oil which was chromatographed (silica gel, 3% ethyl acetate
in hexanes) to yield 0.55 g (33%; .98% by GC) 1-[2-(1-
hydroxynaphthyl)]-2-phenyl-1-propanone as a yellow oil.
IR (neat) 3300 (b and s, ±OH), 3028, 3062 (aromatic),
1622 cm21 (s, CvO); 1H NMR (CDCl3/TMS, 300 MHz)
14.19 (s, 1H, ±OH), 7.10±8.42 (m, 11H, aromatic), 4.75
(quartet, 1H, CH(CH3)Ph, J�6.9 Hz), 1.57 ppm (d, 3H,
CH(CH3)Ph, J�6.9 Hz); UV/Vis (2/1 acetonitrile/water)
lmax (e) 265 (39000), 371 (8290); mass m/z calculated for
C19H16O2 276, found 276. Further elution (chloroform)
yielded 0.1 g (6%;.97% by GC) 1-[4-(1-hydroxy-
naphthyl)]-2-phenyl-1-propanone as a yellow oil. IR
(Nujol) 3175 (b and s, ±OH), 1639 cm21 (s, CvO); 1H
NMR (CDCl3/TMS, 300 MHz) 6.71±8.70 (m, 11H,
aromatic), 6.30 (s, 1H, ±OH), 4.72 (quartet, 1H,
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CH(CH3)Ph, J�6.9 Hz), 1.57 ppm (d, 3H, CH(CH3)Ph,
J�6.9 Hz); UV/Vis (2/1 acetonitrile/water) lmax (e) 238
(28900), 325 (10200); mass m/z calculated for C19H16O2

276, found 276.

(a-Methyl)benzyl 1-naphthyl ether. A mixture of 1-naphthol
(2.0 g, 14 mmol), (1-bromoethyl)benzene (2.0 mL, 15
mmol), K2CO3 (10 g), and 60 mL acetone were re¯uxed
overnight and the liquid was evaporated to a residue that
was taken in ether (3£50 mL). The ether was washed with
water (2£50 mL), 8% aqueous NaOH (2£50 mL) and a
copious amount of water, and dried (Na2SO4). A reddish
oil, after evaporation of ether, was eluted (silica gel; 3%
ethyl acetate in hexanes) to yield a colorless oil. Recrystal-
lization from hexane gave 2.0 g (59%; .99% by GC) of
white crystals, mp 67.0±68.48C. IR (KBr) 3055, 3026
(w, aromatic), 1099, 1267 cm21 (C±O); 1H NMR (CDCl3/
TMS, 300 MHz) 6.66±8.46 (m, 12H, aromatic), 5.54
(quartet, 1H, ±OCH(CH3)Ph, J�6.3 Hz), 1.76 ppm (d, 3H,
±OCH(CH3)Ph, J�6.3 Hz); mass m/z calculated for
C18H16O 248, found 248.

1-(1-Naphthyl)-1-phenylethanol. Under dry atmosphere,
1.5 mL CH3MgBr (3 M solution in ether, 4.5 mmol) was
added dropwise during 30 min to a stirred, cooled (08C)
solution of 1-benzoylnaphthalene (0.96 g, 4 mmol) and
20 mL anhydrous Et2O. After 5 h, an additional 1.2 mL
CH3MgBr (3 M solution in ether, 3.6 mmol) was added
and the stirring was continued overnight at room tempera-
ture. 30 mL 20% Aqueous NH4Cl solution and 30 g ice were
added and the mixture was extracted with ether (3£30 mL).
The combined etherates were washed with saturated
NaHCO3 and a copious amount of water, and dried
(Na2SO4). Evaporation of the liquid yielded 0.9 g (91%;
one spot by TLC) of a pale yellow oil. IR (neat) 3564 and
3452 cm21 (s and b, OH); 1H NMR (CDCl3/TMS,
300 MHz) 7.20±7.90 (m, 12H, aromatic), 2.42 ppm (s,
1H, C(OH)CH3NpPh), 2.08 (s, 3H, C(OH)CH3NpPh).
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Appendix A

1H NMR, IR, UV/Vis, and mass spectral data for some of
the previously reported compounds synthesized for this
project.

Spectral data for previously reported compounds:

1-Naphthyl phenylacetate (1a). IR (KBr) 3055 (w,
aromatic), 1748 cm21 (s, CvO); 1H NMR (CDCl3/TMS,

270 MHz) 7.21±7.85 (m, 11H, aromatic), 4.02 ppm (s,
2H, ±OCH2); UV/Vis (hexane) lmax (e) 280 (7000), l sh

(e) 313 (340); mass m/z calculated for C18H14O2 262,
found 262.

Benzyl 1-naphthyl ether. IR (KBr) 3055, 3033 (w,
aromatic), 1095, 1268 cm21 (C±O); 1H NMR (CDCl3/TMS,
300 MHz) 6.89±8.39 (m, 11H, aromatic), 5.27 ppm (s, 2H,
±OCH2); mass m/z calculated for C17H14O 234, found 234.

2-Phenylacetyl-1-naphthol. IR (KBr) 3414, 3476 (s and b,
±OH), 3057 (w, aromatic), 1618 cm21 (s, CvO); 1H NMR
(CDCl3/TMS, 300 MHz) 13.98 (s, ±OH), 7.25±8.47 (m,
11H, aromatic), 4.38 ppm (s, 2H, ±CH2); UV/Vis (2/1
acetonitrile/water) lmax (e ) 262 (34200), 370 (7060); mass
m/z calculated for C18H14O2 262, found 262.

4-Phenylacetyl-1-naphthol. IR (KBr) 3414, 3287 (s and b,
±OH), 3027, 3061 (w, aromatic), 1655 cm21 (CvO); 1H
NMR (CDCl3/TMS, 270 MHz) 8.91 (d, 1H, J�7.91 Hz,
aromatic), 8.24 (d, 1H, J�7.03 Hz, aromatic), 8.00 (d, 1H,
J�8.79 Hz, aromatic), 7.58 (m, 2H, aromatic), 7.30 (m, 4H,
aromatic), 6.78 (d, 2H, J�7.91 Hz, aromatic), 6.14 (s, 1H,
±OH), 4.36 ppm (s, 2H, ±CH2); UV/Vis (2/1 acetonitrile/
water) lmax (e ) 238 (29500), 326 (11600); mass m/z
calculated for C18H14O2 262, found 262.

2-Benzyl-1-naphthol. IR (KBr) 3449 cm21 (s and b, ±OH);
1H NMR (CDCl3/TMS, 270 MHz) 7.23±8.11 (m, 11H,
aromatic), 5.13 (s, 1H, ±OH), 4.17 ppm (s, 2H, ±CH2).
When a drop of D2O was added to the NMR tube and it
was shaken thoroughly, the peak at 5.13 ppm moved to
4.70 ppm (probably HDO); UV/Vis (2/1 acetonitrile/
water) lmax (e) 292 (4200); mass m/z calculated for
C17H14O 234, found 234.

4-Benzyl-1-naphthol. IR (KBr) 3405 cm21 (s and b, ±OH);
1H NMR (CDCl3/TMS, 270 MHz) 6.75±8.24 (m, 11H,
aromatic), 5.19 (s, 1H, ±OH), 4.37 ppm (s, 2H, ±CH2).
When a drop of D2O was added to the NMR tube and it
was shaken thoroughly, the peak at 5.19 ppm moved to
4.70 ppm (probably HDO). UV/Vis (2/1 acetonitrile/
water) lmax (e) 303 (6900); mass m/z calculated for
C17H14O 234, found 234.

1-Benzylnaphthalene. IR (KBr) 3079, 3063, 3047,
3021 cm21 (w, aromatic); 1H NMR (CDCl3/TMS,
300 MHz) 4.46 (s, 2H, ±CH2), 7.18±7.49 (m, 9H, aromatic),
7.75±8.01 ppm (m, 3H, aromatic); mass m/z calculated for
C17H14 218, found 218.

1-Naphthyl 2-phenylpropanoate (1b). IR (Nujol) 3029,
3061 (w, aromatic), 1752 (s, CvO), 1135 cm21 (C±O);
1H NMR (CDCl3/TMS, 300 MHz) 7.15±7.86 (m, 12H,
aromatic), 4.18 (quartet, 1H, ±C(O)±CH(CH3)Ph, J�
6.9 Hz), 1.76 ppm (d, 3H, ±C(O)±CH(CH3)Ph, J�
6.9 Hz); UV/Vis (hexane) lmax (e ) 280 (7100), l sh (e)
313 (330); mass m/z calculated for C19H16O2 276, found
276.

1-(1-Naphthyl)-1-phenylethane. IR (KBr) 3019, 3060,
3080 and 1596 cm21 (w, aromatic); 1H NMR (CDCl3/
TMS, 300 MHz) 7.13±8.06 (m, 12H, aromatic), 4.93 (q,
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1H, J�7.2 Hz, CHCH3NpPh), 1.76 ppm (d, 3H, J�7.2 Hz,
CHCH3NpPh); mass m/z calculated for C18H16 232, found
232.
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