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The classic Norrish Type II photofragmentation reaction of aro-
matic ketones played a significant role in the development of both
mechanistic and theoretical organic photochemistry; several
reviews are available.1 The established reaction mechanism pro-
ceeds by intramolecularhydrogen atom transfer to the carbonyl
oxygen from theγ carbon to form a 1,4-biradical that then
fragments to the observed products,2 eq 1, X) CH2. When the

lowest energy excited state is of the n,π* triplet configuration,
the efficiency for biradical formation is essentially 100%.

In contrast, for aromatic esters, eq 1, X) O, the reaction pro-
ceeds with very low efficiency. For instance, irradiation of a num-
ber of alkyl benzoates in acetonitrile does result in Norrish Type
II fragmentation from both theπ,π* singlet and triplet state, but
the quantum yields average about 0.01 for the singlets and 0.001
for the triplets with the variation depending on the substituents
on the aromatic ring.3 Moreover, this inefficiency is not a result
of preferential disproportionation of the intermediate 1,4-biradical
back to starting material because a pair of diastereomers photo-
equilibrate in acetonitrile or pentane with a quantum yield (Φ )
0.008) that is even lower than that for fragmentation (Φ ) 0.01).4

This difference in reactivity between ketones and esters is ascribed
to the fact that the esters have lowest energyπ,π* states so that
their carbonyl oxygen atoms are expected to be much less reactive
toward hydrogen atom abstraction. We now report that the Norrish
Type II fragmentation of esters can occur by intramolecular
proton transfer if intramolecular electron transfer to form a
radical ion pair occurs as the primary photochemical event.

As an extension of earlier work on arylmethyl ester (ArCH2-
O2CR) photochemistry,5 we have begun to examine arylethyl
compounds with leaving groups (ArCH2CH2-LG) in the hope of
obtaining a better understanding ofâ-cleavage reactions, a few
of which have been observed previously.6-11 To our surprise, the
esters,1, reacted more efficiently than expected12,13on irradiation
at 254 nm in methanol to give as the major14 volatile (GC)
products15 those shown in Scheme 1 along with 4-cyanobenzoic

acid. The yields, Table 1, indicate that at low conversions the
styrenes,2a-c, are the major photoproduct and that the mass
balance is good. However, at higher conversions, the styrenes,
which are more strongly absorbing than1, rapidly disappear by
secondary photochemistry and the mass balance drops, cor-
respondingly.16 These observations suggest (particularly for1b)
that the styrenes and 4-cyanobenzoic acid are the major and
perhaps only primary photoproducts. This conclusion is reinforced
by irradiation, to complete conversion, of 2,2-diphenylethyl
4-cyanobenzoate, which gave 1,1-diphenylethylene in 80% yield,
along with 1,1-diphenylethane (6%) and the Markovnikov (8%)
andanti-Markovnikov (5%) ethers.

The secondary photolysis observed for the styrenes is of three
types: (1) Markovnikov addition of methanol to give3, presum-
ably by the photochemical acid-catalyzed addition to alkenes17

with 4-cyanobenzoic acid, the other primary photoproduct, serving
as the acid catalyst;18 (2) anti-Markovnikov addition of methanol
to give 4 and 5, presumably by the PET mechanism19 through
the radical cation of the styrene, with either 4-cyanobenzoic acid
or the starting ester,1, serving as the electron acceptor;20 and (3)
photooligomerization to nonvolatile products.

As summarized in Scheme 1, the primary photoproducts for
these reactions are analogous to those expected from the Norrish
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Scheme 1.Products (bottom) and Proposed Mechanism (top)
for Photolysis of 4-Cyanobenzoate Esters,1, in Methanol
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Type II photofragmentation of ketones.1 Our proposed mechanism
begins with excitation to S1 followed by intramolecular electron
transfer to give a radical ion pair with the 4-cyanobenzoate group
being the electron acceptor. As expected for substrates that
undergo rapid intramolecular electron transfer in S1, compounds
1a-c do not fluoresce efficiently in methanol.21,22The oxidation23

and reduction24 potential for esters1a-c along with the singlet
excitation energy of 95 kcal/mol25 allow an estimate of the free
energy of electron transfer.26 These values are exergonic;-2,
-17, and-19 kcal/mol for1a, 1b, and 1c, respectively. The
formation of the radical cation will increase the acidity of the
benzylic hydrogen (pKa ca. -1227) and radical anion formation
will increase the basicity of the carbonyl oxygen (pKa of the
conjugate acid ca. 828). The thermodynamic driving force for
proton transfer is therefore 20 pKa units, apparently enough to
overcome the kinetic barrier for proton transfer from carbon.
Exergonic back electron transfer is likely the dominant pathway
in competition with proton transfer. The resulting 1,4-biradical
then fragments to the two primary photoproducts.29 Heats of
formation for1a (-52 kcal/mol30), styrene (+23 kcal/mol31), and
benzoic acid (-56 kcal/mol31) allow an estimate for the overall
enthalpy of the reaction at+19 kcal/mol. Consequently, the reac-
tion itself is endothermic but, after the initial excitation to S1,
the mechanism proceeds through a cascade of exothermic steps.32

A mechanism analogous to the one above has been proposed
for a number of other carbonyl compounds but, to our knowledge,
not for esters. For instance, both aryl alkyl ketones33 andN-alkyl
phthalimides34 with oxidizable substituents, such as amino,
hydroxy, and aryl groups on the alkyl chain, also react by an
electron transfer followed by proton transfer pathway.

Also relevant, in contrast to1, are the photocleavage reactions
of several 2-phenethyl derivatives which have been studied pre-
viously. A good example is reported by Jaeger6 for the photolysis
of the mesylate,6a, in aqueous methanol, eq 2. Moreover, pho-

tolysis of the deuterated isomer,6b, demonstrated that although
the starting material had only partially isomerized to6c (ratio of
6b:6c ) 6.1:1), the products7 and8 had the-CD2- group es-
sentially equally distributed between the two possible sites. These
results were rationalized by proposing competing photoinduced
cleavage to give10 (major) and11 (minor), or by 10 being a
transition state between equilibrating open 2-arylethyl cations.
An extension of this work by Cristol and co-workers8 using anal-
ogous diastereomeric mesylates demonstrated that diastereomeric
scrambling had occurred in the formation of the products. The
contrast in reactivity between the 4-cyanobenzoates,1, and the
mesylate presumably results from two facts: the poorer leaving
group in1 and the higher basicity of the 4-cyanobenzoate radical
anion.

Three other experiments have contributed to the development
of the proposed electron transfer mechanism for1. (1) Irradiation
of 1d gave products deuterated only on the carbons expected for
the mechanism in Scheme 1. No scrambling was observed as
required if intermediates such as10or equilibrating open cations
were involved. (2) Compounds1c and1e reacted with relative
efficiencies of 1.3:1. This small isotope effect is reasonable if
the exothermic proton transfer in the intramolecular charge transfer
complex is at least partially rate determining. (3) Photolysis in
methanol of 12, prepared from the known racemic (2S,3R):
(2R,3S)-3-phenyl-2-butanol,35 indicated inefficient formation of
its diastereomer.36 Therefore, fragmentation of the biradical in
methanol is much faster than disproportionation back to starting
material. The same is true for ketones in protic solvents.

In conclusion, we have discovered that a classic photochemical
reaction, the Norrish Type II fragmentation, can occur for suitably
substituted esters. Future experiments will be directed at exploring
the scope and efficiency of this process.
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Table 1. Yields of Products from the Photolysis of Esters1 in
Methanol

product yields (%)a

compd % conv 2 3 4 5b total

1a: X ) H 11 52 16 7 75
24 26 24 7 57
85 2 22 9 33

1b: X ) 3-OCH3 7 84 2 3 2 91
27 34 15 33 6 88
66 18 21 48 5 92

1c: X ) 4-OCH3 4 44 10 1 7 62
20 7 14 3 5 29
75 0 13 5 6 24

a For instance, for1a, at 11% disappearance of starting material,
the products2-5 account for 75% of that 11%.b Mixture of two
diastereomers in about equal amounts.
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