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I. Introduction

Since the pioneering work of Forster! and Weller,?
the study of acid-base chemistry of electronically
excited states has blossomed into a mature field with
several reviews of the subject appearing during the
period 1970-1990.2 These reviews summarize much
that is known with respect to reversible proton transfer
processes of excited states. The subject is now intro-
duced in all modern organic photochemistry textbooks.
This review is not an update of the general field of
acid-base chemistry of organic excited states: Ireland
and Wyatt’s review® still remains an authoritative
source. Such an effort would be a substantial one as
many new studies have since appeared. Instead this
review will focus on the utility of excited state acid—
base chemistry: how a change in acidity/basicity of a
molecule in the excited state can result in new chemistry,
including new examples of excited-state acid—base
phenomena. Also discussed are examples of the use of
“pH jump” experiments for the study of chemical
phenomena. The vast majority of the papers in the
field of acid-base chemistry of excited states that have
appeared since the Ireland and Wyatt3® review is
concerned with reversible prototropic phenomena.
These in general will not be reviewed in this work.

The utility of excited-state acid—base chemistry was
briefly discussed at the end Ireland and Wyatt’s review32
asrelatively few examples were known at the time. The
notion that one can utilize the change in acidity or
basicity of a molecule in the excited state to initiate
new chemistry is naturally appealing to chemists. As
many chemical reactions may be understood in terms
of simple Bronsted acid-base chemistry, this is hardly
surprising. However, this area has seen extensive
development only during the last decade. This appears
to be an opportune time for a review to evaluate the
progress of this field. Because of the limited number
of examples reported, it is difficult to generalize many
of the reactions. Such is often the case for many types
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of photochemical reactions and is ascribed to the high
selectivity of reactivity of excited states. In any case,
care must be exercised in ascribing a photochemical
mechanism as the result of a change in acid-base
property of the reactive excited state.
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Acid-base catalysis of photochemical reactions, first
reviewed by Wubbels,* is related to the topic of this
review. Observation of acid or base catalysis of a
photochemical reaction does not necessarily imply that
the excited state responsible for reaction possessed
enhanced basicity or acidity since the catalysis may
occur in a secondary step. However, it is clear that an
excited state with enhanced acidity or basicity would
be prone to undergo base- or acid-catalyzed reactions,
respectively. Such types of catalysis will fall into the
mandate of this review. Photochemical reactions that
generate strong acids (or bases), as observed for example
in the photochemistry of onium salts, have important
applications in industry. In general, these photo-
chemical reactions are not the direct result of enhanced
acidity (or basicity) of the electronically excited state
responsible for the chemistry. These types of photo-
reactions have been adequately discussed elsewhere®
and will not be addressed here.

I1. Carbon Bases

A. Alkenes and Alkynes

Neutral carbon of organic compounds is inherently
a very weak base due to the lack of nonbonding
electrons. However, the 7-system of alkenes, alkynes,
and aromatic systems are potential basic sites due to
the availability of w-electrons. Thus electrophilic attack
of a r-system by proton may be viewed as an acid—base
reaction. In general, such a reaction is carried out in
aqueous acid resulting in overall hydration of the
#-system (eq 1). In addition, rates are generally slow
for most substrates unless moderate to strong acids are
used.! Wooldridge and Roberts’ first reported the
facile photohydration of arylacetylenes to the corre-
sponding ketones (in an overall Markovnikov sense) in
aqueoussolution in the presence of dilute acid but under
conditions in which there was no competing thermal
hydration (eq 2). The mechanism of the photohydra-
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tion was believed to proceed via initial protonation of
the alkyne, to give a vinyl cation, analogous to the
ground-state mechanism. The facile protonation of the
excited state was rationalized as being due to the
enhanced basicity of the alkyne moiety in the excited
state, more specifically as a result of extensive charge
migration from the benzene ring to the alkyne. The
photoadditions of methanol™ and acetic acid™ to
diphenylacetylene may be rationalized in a similar
manner. Roberts et al.’d have also reported ortho
neighboring-group participation by an amide group in
the photohydration of alkynes and cyano groups
although the number of examples studied did not allow
for detailed mechanistic interpretation.

Yates and co-workers®e & have carried out systematic
mechanistic investigations of the photohydration of aryl
alkynes, alkenes, and allenes. This was driven in part
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by the idea of utilizing the apparent enhanced basicity
of these moieties to carry out what are otherwise difficult
transformationsin the ground state. Simple substituted
aryl alkynes and alkenes were shown to undergo acid-
catalyzed photohydration to give the corresponding
Markovnikov addition products.2b Quantum yields
for photohydration were acid dependent and reached
significant values at moderate acidity (® > 0.2). The
fluorescence emissions of the reactive compounds were
quenched with increasing acidity, in a complementary
manner with respect to the plots of product quantum
yields with acidity. In addition, fluorescence lifetimes
were found to decrease with increasing acidity. These
observations support the notion that the primary
photochemical step is protonation of S;, which is
believed to be substantially polarized, as shown by 1
for the parent phenylacetylene. Excited-state dipole
measurements of some of these compounds have been
measured®* and were found to be in the range 4-6 D
(for styrene, 2-vinylnapthalene, and 2-napthylacety-
lene), adding support for the viability of such highly
polarized structures in S;.

{ @-C’:‘CH ._T =<‘:Hr

Rates of photoprotonation of S; were estimated from
fluorescence data (both steady-state and lifetime mea-
surements) and product quantum yields and were found
to be in the range (0.2-6) X 107 M! 51, The ground-
state protonation rate constants for these same com-
pounds are in the range 105107 M s1.6 Thus the
excited state is approximately 10!!-10! times more
reactive with respect to protonation. Moreover, the
sigmoid behavior of the fluorescence quenching and
product quantum yield data suggests that the pKgu+
of these substrates is in the range 0 to ~2, indicating
that these compounds are vastly more basic than their
corresponding ground-state species, which have esti-
mated pKpy+ =~ ~10.2 Simple arylallenes were shown
toreact in an analogous fashion but with lower quantum
yields.8d Recent laser flash photolysis studies of the
photoprotonation of selected styryl substrates by
McClelland and co-workers®™ have confirmed the
formation of intermediate carbocations in these pho-
tohydrations. In these flash photolysis studies, use of
acidic but weakly nucleophilic media such as 2,2,2-
trifluoroethanol (TFE) or TFE-H,0 are essential since
the photogenerated benzylic carbocations have lifetimes
that are generally too short to be followed by conven-
tional nanosecond laser systems if photogenerated in
wholly aqueous solution. The direct observation of
transient benzylic carbocations in these photoproto-
nations confirms the validity of the photohydration
mechanism proposed above by Yates and co-workers. 8k

Nitro-substituted phenyl alkynes, alkenes, and al-
lenes react via the triplet state, giving rise to overall
anti-Markovnikov hydration products.t#>d For exam-
ple, p-nitrophenylacetylene (2) gave p-nitrophenyl-
acetaldehyde (4) exclusively. (The corresponding
Markovnikov product is p-nitrophenylacetone, which
was not observed.) The presence of the nitrophenyl
moiety results in a new type of mechanism for pho-
tohydration. The observation of anti-Markovnikov
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products indicates that the reactive triplet stateis highly
polarized, but in the reverse manner (e.g., 3) as observed
for the non-nitro-substituted compounds. Thereversed
polarization facilitates nucleophilic attack by water at
the terminal carbon of the alkyne, alkene, or allene
group, resulting in overall anti-Markovnikov hydration.
This mode of hydration is not observed in the ground
state for any of the styryl substrates studied.

General acid catalysis of photoprotonation of selected
aryl alkynes and alkenes has been shown to operate.?¢
Studies of the photoprotonation in various buffers gave
rates of photoprotonation from general acids such as
H:;PO,and H;BO:. Bronsted plots gave o values in the
range 0.14-0.18, suggesting early transition states in
these protonations as compared to the ground-state
reaction, which typically have « > 0.5,% indicative of
late transition states.

The area of excited-state intramolecular proton
(hydrogen) transfer was reviewed in 1977 by Klspffer3d
and is an area of active current research.!® The vast
majority of these systems results in no net chemical
change with the transferred proton (hydrogen) return-
ing to the donor site at very fast rates. Many of these
systems result in the formation of transient photo-
tautomers.!0k In these reactions, it is often difficult
(or impossible) to prove that the reaction proceeds via
proton transfer. Whether the distinction is necessary
or not is a moot point. The interest in these reactions
stems primarily from their very fast rates. Those
examples where no net chemistry is observed will be
considered to be outside the mandate of this review. A
recent paper by Chou and Kasha and co-workers!o
demonstrates the dramatic effect of added water to the
intramolecular double proton transfer of 7-azaindole.
The 7-azaindole phototautomer is observable (green
fluorescence at 530 nm) only upon addition of small
amounts of water to ethyl ether and p-dioxane solutions
of the compound. In liquid water, however, the
compound fails to give observable amounts of the
phototautomer. The authors argue that in low con-
centrations of water, 7-azaindole exists as the mono-
hydrate, which can catalyze the double proton transfer.
In wholly aqueous solution, the molecule exists as the
polyhydrate which is argued to inhibit solvent reor-
ganization necessary for the phototautomerization. The
observation of water catalysis in this case suggests that
protons are in fact being transferred since a double
transfer of hydrogen atom to and from water would be
expected to have a high activation barrier. The
enhancing effect of hydroxylic solvents on the rate of
excited state intramolecular proton transfer has been
noted by other workers,1% again suggesting that many
of these photoinduced intramolecular transfers do
indeed involve proton.
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In the present context of photohydration, Yates and
co-workers®h have utilized the known enhanced acidity
of the phenolic protonin S; to intramolecularly catalyze
the photohydration of aryl alkynes and alkenes. For
example, the photohydration of o-hydroxyphenylacet-
ylene (5) to give ketone 7 was found to be much more
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efficient than simple arylacetylenesin the pH 7-1region
and did not display the usual enhancement by external
acid. Above pH 7, the photohydration efficiency
decreases rapidly and is associated with formation of
the ground-state phenolate ion (pK, = 8.6). The
mechanism is believed to involve an intramolecular
proton transfer from the phenolate to the alkyne moiety,
to generate the transient zwitterionic species 6, which
can revert back to substrate or is trapped by water,
leading to ketone 7 (eq 4). The photobehavior of
o-hydroxystyrenes is similar. A rate constant for
intramolecular proton transfer of a-methyl-o-hydroxy-
styrene has been estimated to be 8 X 10°s71. Since the
bimolecular rate constants for photoprotonation of
these compounds by proton are in the range (0.2-6) X
107 M1}, proton transfer from solvent in the pH 7-1
region would not be competitive with the intramolecular
pathway.

Another example!! of the high efficiency of intramo-
lecular proton transfer from phenol to alkene is in the
photochromic reaction of the 2-naphthol derivative 8,
which on photolysis (A.; = 334 nm) in hexane gave the
colored product 10 (A, = 385 nm) with high quantum
yield (# = 0.2) (eq 5). In this reaction, intramolecular

®)

proton transfer generates intermediate 9, which can
then undergo a thermal electrocyclic ring closure, to
give the colored product 10. The presence of methanol
retards the photochromic reaction and is most probably
due to the addition of methanol to 9, to give a colorless
methanoladduct. However, full characterization of the
proposed methanol adduct would have provided added
support for the intermediacy of 9. The high quantum
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efficiency in hexane indicates that intramolecular
proton (hydrogen) transfer of this kind does not require
any assistance from solvent.

The intramolecular photorearrangement of bicyclic
diene 11 to give dienone 12 (eq 6) has been reported by
Miesen et al.!2 Although the details of the reaction

l o

(6)

hexane

1 12

have not been fully delineated, it is possible to view the
transformation as involving initial proton transfer to
the photoexcited diene unit which has enhanced
basicity. The subsequent rearrangement of electrons
ensures that a product is formed irreversibily. Pho-
tolysis of the substrate with a deuterium label at the
hydroxyl group gave a product with deuterium at the
expected vinyl position, consistent with an intramo-
lecular process. Further studies, particularly in hy-
droxylic solvents, would be required to show that initial
proton transfer to the diene moiety is indeed the
primary photochemical step.

B. Aromatic Systems

The protonation followed by deprotonation of aro-
matic systems is the simplest of all electrophilic
aromatic substitution reactions. This acid-base reac-
tion may be followed by deuterium or tritium labeling
studies. Aromatic m-systems in the ground state are
very weak bases: an estimated pKpy+ for highly
activated compounds such as 1,3,5-trimethoxybenzene
is approximately —6 (H, acidity scale).® Reports of the
facile photoprotonation of aromatic compounds have
appeared since 1963,1%! although the first systematic
mechanistic investigations were not carried out until
much later. Several reports show that deuterium
exchange takes place when aromatic compounds such
astoluene and anisole are irradiated in deuterated acids
such as CF3CO,D although little quantitative data were
measured in most cases.!* Mason and Smith!3¢ using
Férster cycle calculations? estimated that the pKgy+ of
several simple aromatic compounds (benzene, toluene,
and naphthalene) to be in the range +5 to +10,
indicating that they become much stronger bases in S;.
However, no isotope (deuterium or tritium) exchange
was observed and the authors concluded that proto-
tropic equilibrium is not established during the lifetime
ofthe excited state. Inarelated study, Smith!*showed
that the fluorescence emissions of anisole and the three
isomeric dimethoxybenzenes were all quenched sig-
nificantly in moderately concentrated H,SO,. For
example, the fluorescence intensity of 1,3-dimethoxy-
benzene was half-quenched at Hy = +0.47, suggesting
that this compound is vastly more basic in S; than in
the ground state. Since no hydrogen exchange was
observed, Smith!3 concluded that prototropic equi-
librium was not attained and that the fluorescence
quenching phenomenon was due to a proton-induced
radiationless deactivation process but with no exchange.

More recent studies by Wan and co-workers¢e:b have
shown conclusively that the fluorescence quenching by
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acid of dimethoxybenzenes and related compounds is
accompanied by proton/deuteron exchange when the
photolyses are carried out in D,SO,/D,0 solution. The
sigmoid behavior in the fluorescence quenching plots
displayed a mirror-image relationship with plots of
quantum yields for proton exchange vs acidity, sup-
porting the notion that these substrates are indeed
vastly more basic in S; (pKgu+* ~ -1 to +0.5) than in
the ground state (pKgy+ ~ —6).°

The regioselectivity of photoprotonation and asso-
ciated chemistry of the three isomeric dimethoxyben-
zenes and related compounds has also been investi-
gated.!“ab For example, it has been shown that pho-
tolysis of 1,3-dimethoxybenzene in 10% D,S0./D,0
resulted in deuterium exchange exclusively at the
2-position when taken to low conversions (eq 7). The

OCH, OCH3 OCHs
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2
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photoreaction is acid catalyzed with measurable quan-
tum efficiencies at acidities greater than ~pH 2. Much
stronger acids are required to effect thermal exchange,
which is known to take place predominantly at the
4-position, with a lesser amount at the 2-position.!®
McClelland and co-workers!4d have also shown that
many of these same substrates can be photoprotonated
in 1,1,1,3,3,3-hexafluoro-2-propanol (HFP) with con-
current detection of the expected intermediate cyclo-
hexadienyl cations by laser flash photolysis. For
example, laser flash photolysis (248 nm) of 1,3-
dimethoxybenzene and several derivatives in HFP
resulted in a single transient (An.: 395-460 nm; decay
rates ~102-104 s71) which is consistent with exclusive
photoprotonation at the 2-position.

The regioselectivity of the observed photoprotonation
may be rationalized with simple HMO theory in a
qualitative way.!*® Using standard HMO parameters
for oxygen, calculations gave five HMO’s that are
bonding and three antibonding. With the assumption
that each oxygen will utilize two valence electrons in
the =-system, all five bonding HMO’s are occupied.
Considering only the HOMO and LUMO (¥;5 and ¥,
respectively), it is clear that promotion of an electron
from ¥;to Ve will result in a decrease of electron density
at carbons 3 and 4 and at oxygen and an increase at
carbons 2and 5 (Figure 1). Infact, HMO results predict
that C5 should be more basic than C2 in the excited
state. Facile photoprotonation of position 2 has already
been demonstrated and there is evidence to suggest!<®
that position 5 is also photoprotonated when the
reaction is taken to high conversion, indicating that
the photoprotonation rate at this site is much lower
(less basic) than at the 2-position. The intrinsic
reactivity of the C2 position is probably much higher
since this site is significantly more sterically congested
than C5in 1,3-dimethoxybenzene. Thussimple HMO
theory has its limitations for excited states, which was
not unexpected. However, the correct qualitative
predictions make it useful for quick calculations.

Simple HMO calculations to predict the direction in
change of electron density of dimethoxybenzenes in
the excited state have also been made by Smith,13 the
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Figure 1. Hickel molecular orbitals ¥; (HOMO) and ¥¢
(LUMO) of 1,3-dimethoxybenzene (shaded orbitals indicate
positive sign of HMO coefficient; numerals indicate absolute
magnitude).

results of whicH corroborate the above findings. In
addition, Zimmerman and Sandel® first noted that
HMO calculations could be used to rationalize the
activating effects of a methoxy group on benzene rings
in the excited state. Their results showed ortho and
meta activation.

The photochemistry of 1,2-dimethoxybenzene and
derivatives in aqueous acid results in proton exchange
at the 3-position as well as ipso substitution of one of
the methoxy (alkoxy) groups (eq 8), both of which are

1 OCH3 hy oC H3 oD
@E 550450 + ®
Y~ ~OCH; OCHy OCHy
D D

primary photoproducts and catalyzed by acid.!4»b The
mechanism of the ipso substitution involves attack of
solvent water and loss of the methoxy group, as shown
by O-18 labeling studies. Recent studies!‘® have now
shown that the cyclohexadienyl cations formed in the
photoprotonation of 1,2-dialkoxybenzenes are suscep-
tible to nucleophilic attack by water (hence overall ipso
substitution). Since thermally generated dialkoxy-
substituted cyclohexadienyl cations are not known to
undergo ipso substitution, it is likely that the photo-
generated species differs significantly instructure from
the thermally accessible one, as already shown for the
1,3-isomers. Note also that the site of deuterium
exchange is meta to the site of ipso substitution (eq 8).
Such a product is believed to require formation of a
non-Kekulé intermediate in the reaction mechanism.

Stevens and Strickler'®2 have studied the excited state
H-D exchange of naphthalene in aqueous H;SO,.
Exchange quantum yields of a-deuterionaphthalene
were in the range 0.00019-0.033 over the 30-64%
H.SO, used. In contrast to the situation in the ground
state,'6b the g-isomer was found to be more reactive
than the a-isomer. Fluorescence quenching by H,SO,
was interpreted as being due to protonation of S;. These
results indicate that simple unactivated aromatic
compounds are not efficiently photoprotonated thus
requiring the use of strong acids to effect observable
reaction. The use of strong acids introduces the
possibility of competing thermal exchange, making such
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studies problematic. Shizuka and Tobita!"®® reported
that 1-methoxynaphthalene (13) undergoes observable
excited state H-D exchange at much lower acidity (&
= 0.24 in 4:1 D,O-CH;CN with 0.1 M D;O*). The
exchange was regioselective at the 5-position, as de-
termined by analysis of the product by 'H NMR (eq 9).
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3 D40*
5 4
1 7, o

However, 2-methoxynaphthalene was unreactive under
similar conditions. Fluorescence quenching by acid was
observed only for the reactive compound and the
resulting k, was used to estimate a deuteration rate
constant of 1.1 X 108 M1 s! for 13. McClelland and
co-workers!¥ have recently demonstrated that the
photoprotonation of 13 can also be achieved in HFP.
Using laser flash photolysis, a transient with Apex = 550
nm has been assigned as the cyclohexadienyl cation 14
obtained by protonation of 13 at C5.

With regard to photochemical proton exchange of
heteroaromatic systems, only indole derivatives have
been extensively studied.!’= %18 Interestinthesesystems
stems from ongoing studies aimed at understanding
the photophysical and photochemical behavior of
tryptophan in aqueous solution. Whereas the parent
indole does not undergo regioselective proton exchange
on photolysis in deuterated solvents,!"618 tryptamine
(15) and tryptophan (16) and derivatives have been
shown to undergo regioselective H~D exchange at C4
(eq 10).17¢418 The quantum yields for exchange in 9:1

D4 D, HD,
HR HR b HR
H‘ . Hp H D Ha Hy
N v, =N N
D0 /
Ny N+ N
\D \ \
D D
15 R=H 17
E R=COy

(10)

MeOD-D;0 are 0.26 and 0.16 for 15 and 16, respec-
tively. The mechanism of reaction is believed to involve
intramolecular proton transfer from the side-chain
ammonium group to generate intermediate cation 17.
This internal proton-transfer quenching mechanism of
S; is believed to be one of the major pathways for
nonradiative decay of these compounds. The rates of
internal quenching were estimated from lifetime mea-
surements and are 0.91 X 108 and 1.8 X 108 s™! for 15
and 16, respectively. Cozens et al.!® have carried out
laser flash photolysis studies of these indole derivatives
in TFE and observed transients assignable to cyclo-
hexadienyl-type cations 17 with Ama: = 350 and 420 nm
and 300-500-ns lifetimes.

Pincock and co-workers!® have developed two acidity
scales (in 20% EtOH-80% aqueous H,SO, and in wholly
aqueous HCIO,) for fluorescence quenching by acid
observed for many aromatic compounds. This was
carried out to linearize quenching plots in the strong
acid region, where the titratable proton concentration
used does not give linear Stern—-Volmer plots. The
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indicator used was 1-cyanonaphthalene for which
fluorescence quenching is observable beginning at pH
1. Inaddition, its ground-state basicity is very low and
hence will not be protonated thermally even in strong
acid. The fluorescence quenching of a variety of
aromatic chromophores by acid was successfully treated
using the developed excited-state acidity functions,
although the mechanism of quenching was not delin-
eated with the exception of selected compounds where
thereaction mechanism in acid was already understood.

I11. Carbon Aclds

Carbanions are ubiquitous and important interme-
diates in organic chemistry. They play a central role
in organic synthesis due to their facility in forming C-C
bonds. Carbanions are generally made via deproto-
nation of the corresponding carbon acid precursor by
the action of a base of appropriate strength. Until
recently, however, excited-state carbon acids have not
been reported in the literature although a number of
research groups have made earlier attempts at their
photogeneration.?? Forster cycle calculationsshow that
fluorene and related compounds should be vastly more
acidic in S;, with excited-state pK.'s ~ -8 to -12.20
However, photochemical excitation of fluorene and
other hydrocarbons with a benzyl moiety in D,O failed
to result in proton exchange. An early work of
Grellmann et al.?! showed that azulenium cations were
much more acidic in S; than in the ground state (eq 11).

hv " 1

HH
18

Thus photolysis of azulenium cation 18 in strong acid
resulted in formation of transient azulene formed via
deprotonation, as detected by flash photolysis exper-
iments. However, C-H deprotonation here does not
lead to a carbanion, and in the present context, the
azulenium cation is not strictly an excited-state carbon
acid.

Deprotonation rates from C-H acids in the ground
state are typically slow because of the lack of hydrogen
bonding to solvent and the substantial geometrical and
solvation changes generally required on deprotonation
of carbon acids.?>22 If true for electronically excited
states as well, such intrinsically slow rates would not
compete favorably with the fast rates of decay generally
available for S;. It would appear that only under ideal
conditions would C~H deprotonation from a neutral
precursor be observable photochemically. Interestingly,
two examples of the facile protonation of electronically
excited carbanions have been reported.2? In both of
these examples, an aromatic anion (the cyclooctatet-
raene dianion and the cyclononatetraene anion) is
protonated on electronic excitation in a medium where
it would not be protonated in the ground state (eq 12).

H
H
hy
THF/RC=CH
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The reaction was followed by analysis of the products
(photochemical and thermal) arising from the proto-
nated derivative. These results show that aromatic
anions are more basic in S, than in the ground state.
One may interpret this as evidence that ground-state
aromatic (4n + 2) systems are not favored in the excited
state. Looking at the reverse reaction (i.e., photo-
chemical deprotonation of a carbon acid to form the
carbanion), it has already been shown that fluorene
does not undergo deprotonation on photochemical
excitation. However, deprotonation of fluorene would
generate a 4n + 2 ground-state anion. Perhaps what
is required is a precursor hydrocarbon which generates
a 4n anion on deprotonation. This is indeed the
necessary condition (vide infra).

The first example of an excited-state carbon acid was
reported by Wan and co-workers?2d who showed that
photolysis of suberene (19) in D,O-CH3CN resulted in
exchange of the benzylic proton with deuteron (® =
0.030). Thereaction could be followed by 250 MHz 'H,
?H, or 13C NMR, which showed conclusively that
exchange took place almost exclusively (>98%) at C5,
with a residual (1-2%) exchange taking place at the
vinyl carbons. Photolysis of 5,5-dideuteriosuberene in
H,0-CH:CN resulted in exchange of the deuteron at
the 5-position with proton from solvent (® = 0.035).
The proposed mechanism of reaction involves as a
primary step C-H bond heterolysis with water acting
as the general base, to generate the intermediate
suberenyl anion, which is reprotonated almost exclu-
sively at the 5-position (eq 13). Reprotonation at the

H H
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—————
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18
H H D
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vinyl position would give a tautomer which on rear-
rangement (1,5-sigmatropic shift) regenerates the sub-
strate. Consistent with the carbanion mechanism is
the observation that fluorescence emission is quenched
efficiently by H,O in CH3CN solution (kg = 1.68 X 108
M- 1) and that use of 5,5-dideuteriosuberene gave a
primary isotope effect for fluorescence quenching of
(ku/kp)q = 2.8. Moreover, the fluorescence emission of
19 in aqueous solution was found to increase on
increasing the acidity below pH = 0, suggesting an
excited state pK. = -1, compared to the estimated
ground state pK, ~ 31-38. Additional support for this
mechanism is the recent observation of base catalysis
of exchange by primary amines.24¢

Since related compounds such as fluorene and
diphenylmethane were shown to be totally unreactive,
Wan and co-workers?¢®d proposed that the photoge-
neration of a 4n anion is a necessary requirement for
observation of carbon acid behavior in S;. Thus
xanthene and thioxanthene, both of which are isoelec-
tronic with suberene (19), have been shown to undergo
benzylic proton exchange on excitation in D;0 in the
presence of primary amines as bases.? The base-
catalyzed photoketonization24® of 5-suberenol (20) to
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dibenzosuberone 21 operates through a carbanion
mechanism (eq 14). The benzylic proton of 20 becomes

H_ OH

5 hv
OQO FzO-CHgeN

=~ 00 -

very acidic in S,;, perhaps rivaling the acidity of the
hydroxyl group, although such a relative acidity mea-
surement cannot be made easily since it is not known
to what extent the hydroxyl proton exchanges while
the substrate is electronically excited. Strongevidence
for a carbanion mechanism is the isolation of 5-deuterio-
5-suberenol and dibenzosuberone 21 in which each of
the 9- and 10-positions is monodeuterated on photolysis
in D0 solution. Fluorescence quenching of 20 by H,O
in CH3CN solution gave kg =1.2 X 108 M-1s! and again
a substantial primary isotope effect was observed for
kq when 5-deuterio-5-suberenol was used ((ku/kp)q =
2.9).

Wan and co-workers?* have also investigated the
possible excited-state carbon acid behavior of 5H-
dibenzo[a,c]cycloheptene (22) and related monobenz-
annelated systems 24 and 25. Photolysis of 22 in D,O-
CH;CN gave deuterium incorporated substrate at the
5-position as well as cyclopropane derivative 28 and
phenanthrene (eq 15). Phenanthrene was formed via

H 6
H

O Q D,0-CHaCN

5o o &0

(15)

secondary photolysis of 28. The mechanism of for-
mation of 23 was shown to arise via a true di-r-methane
rearrangement from the triplet state and a 1,7-hydrogen
shift followed by electrocyclic ring closure from the
singlet state. Carbanion formation via C-H bond
heterolysis at the 5-position was shown to be a singlet-
state pathway with its efficiency highly dependent on
the H,0 concentration (k, for fluorescence quenching
by H;0 was 2.05 X 108 M-1s7!). Derivatives 24 and 25
showed no evidence for carbon acid behavior; instead
these compoundsreacted exclusively via a very efficient
(® =~ 0.9) photorearrangement to give 26, the mecha-
nism?5 of which has been shown to occur via initial 1,7-
hydrogen shift followed by electrocyclic ring closure
(i.e., not a true di-r-methane mechanism). It appears
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that carbon acid behavior cannot compete with the
highly efficient molecular rearrangement of these more
flexible compounds although they possess the correct
incipient 8w-electron carbanion system.

It seems reasonable that the measured ks for
fluorescence quenching by H,O of those compounds
displaying excited-state carbon acid behavior are
equatable to the rates of C-H bond ionization by H,O
acting as the base (i.e., ky). Since these are the first
such rate measurements for this process, it is difficult
tocomment onthe exact magnitude at thistime. Suffice
it to say that ky is below the diffusion-controlled rate
(hence there is the possibility of enhancing the rate)
but is much larger than rates observed in the ground
state. However, unlike thesituationin the ground state,
most hydrocarbons do not have measurable kg (i.e., ky
< 10° M1 g71) in the excited state since only selected
systems show observable reaction.

The results reported show that there is an enhanced
driving force for the photogeneration of cyclically
conjugated 87 (4n) carbanions from an excited-state
precursor, compared to 4n + 2 systems or those which
donot give rise to a cyclically conjugated intermediate.
The study of photodecarboxylation of several dibenz-
annelated acetic acids also support this notion.2¢ In
addition, the study of photosolvolysis of several diben-
zannelated systems (in which carbocations are inter-
mediates) again indicate a strong preference for inter-
mediates of 4n (47) electrons.?’” Althoughthe reactions
investigated are not pericyclic reactions in the tradi-
tional sense, Woodward-Hoffmann?® and the Dewar—
Zimmerman?®® rules work nicely in predicting the
outcome. That is, there appears to be an inherent
stabilizing effect of a 4n array of electrons of these
compounds (whether negatively or positively charged)
on the excited-state surface, analogous to the well-
known aromatic stabilization associated with 4n + 2
systems in the ground state, where the concept of
aromaticity has more solid basis. Since one cannot use
the same criteria of aromaticity—which are well known
in the ground state—for excited-state species because
of their intrinsically short lifetimes, one encounters a
dilemma in trying to offer a simple explanation for the
enhanced reactivity observed in these studies. It is
clear, however, that 4n systems appear to have a special
inherent stability which is manifested in the ease of
photodeprotonation of suberene (19) and related com-
pounds?* and the photosolvolysis of 9-fluorenol deriv-
atives.?” If one assumes that the increased photore-
activity of the 4n systems implies a lower activation
barrier on the S, surface, the extension of the Hammond
postulate would indicate that the excited state of 4n
charged intermediates are indeed more stabilized than
their 4n + 2 counterparts. This interpretation is based
on the following assumptions: (i) applicability of the
Hammond postulate to the S; surface and (ii) adiaba-
ticity of the C-H bond cleavagestep. Thereisnoreason
to doubt the former but evidence for an adiabatic first
step is at present not available. In any case, the
phenomenon of enhanced photoreactivity of incipient
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4nvs 4n + 2 systems in ionic reactions is intriguing and
worth additional studies.

In addition to the above reports of excited-state
carbon acids, three other examples have been reported
although demonstration of deuterium exchange was
lacking in all of them.302b:31 A theoretical study of the
deprotonation of acetylene in its excited states has also
been carried out3? as well as general theoretical analysis
of excited-state proton transfers including carbon
acids.3® Of the initial three reports, one is concerned
with the excited-state acid—base behavior of 1- and
2-naphthylamines in basic media.?®® On the basis of
only fluorescence emission data (both steady state and
lifetime measurements) it was proposed that in very
strong base (H_ > 14), aryl-H ionization at the 4-position
occurred from the amide anion, to give a dianion, all
on the excited-state surface. This proposal is extraor-
dinary if proven to be true. However, the conclusions
should be taken with some caution since no isotope
exchange experiments on carbon were carried out. In
addition, the spectral assignments were made with little
reference to model systems. Another®® reports the
fluorescence quenching observed for fluorene on in-
creasing the basicity of the medium above pH 12 and
isattributed to fluorenyl anion formation from excited-
state fluorene. Again, deuterium exchange was not
demonstrated. On the basis of the results of Wan and
co-workers,2¢8d it appears unlikely that carbon acid
behavior is observable for fluorene, even in basic
medium.

Wan and Yates and co-workers?! have proposed that
the photochemistry observed for m- and p-nitrobenzyl
alcohols and related compounds may be rationalized
by proposing that the primary photochemical event is
benzylic C—H bond heterolysis from the triplet excited
state, to generate a delocalized anion, which subse-
quently reacts to give the observed redox-type products.
For p-nitrobenzyl alcohol (27), the initially generated
carbanion 28 reacts via an overall simple redox reaction
to give p-nitrosobenzaldehyde (29) (eq 16). The re-
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action is catalyzed by hydroxide ion consistent with a
carbanion mechanism. However, photolysis in D;O/-OD
resulted in no observable deuterium incorporation in
substrate 27, indicating that every photogenerated
carbanion leads to product. A significant a-deuterium
(at the benzylic position) isotope effect (®y/dp > 4)
was observed which is indicative of abstraction of these
protons in the product forming step. The mechanism
of reaction for m-nitrobenzyl alcohol is similar to that
proposed for 27, that is, initial formation of an «-hy-
droxy-m-nitrobenzyl carbanion 30. However, simple
redox chemistry was not observed. Instead, two prod-
ucts, m-nitrobenzaldehyde (31) and 3,3’-azoxybenzal-
dehyde (32) were isolated. Wan and Yates3!¢originally
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proposed that the reaction mechanism for the meta
isomer took a route essentially identical to that proposed
for 28, which required the formation of a non-Kekulé
intermediate. However, direct evidence for through-
conjugation between meta positions was not readily
available. The current understanding®!dof the reaction
mechanism of this reaction involves electron transfer
from photogenerated carbanion 30 to substrate, to
generate the corresponding radical, which on loss of a
proton gives m-nitrobenzaldehyde radical anion. Sub-
sequent transfer of another electron to substrate gives
observed 31. Alternatively, further reduction of m-
nitrobenzaldehyde radical anion would be expected to
give 32, which has been confirmed by independent
reaction of 31 with photogenerated reducing sources.?!d

1V. Oxygen Aclds

It is now well established that phenols and naphthols
and their derivatives are considerably more acidicin S,
than in the ground state.? Much of the earlier studies
of excited-state proton transfer (ESPT) of these com-
pounds were mainly concerned with the measurement
of their excited state pK,’s. Since the singlet-state
lifetimes of most of phenols and naphthols are very
short, the dynamics of ESPT could not be studied very
well by steady-state techniques. The advent of pico-
second laser spectroscopy has enabled precise mea-
surements of various kinetic parameters of these ESPT
reactions as well as providing new insights into the
understanding of these photoprototropic equilibria.3+-3
For example, on the basis of simple Forster cycle
analyses, the excited singlet state acidity of 1-naphthol
(33) and 2-naphthol (34) were found to be essentially
identical (pK,* ~ 2.8).32 However, using picosecond

OH o
OO .
33 34 H O H s

spectroscopy, 1-naphthol (33) has been shown to be
much more acidic (pK,* = 0.4) than 2-naphthol (34).%%
Also, it has been noted that in contrast to 2-naphthol
(34), the fluorescence emission from 1-naphthol (33) is
either absent or very weak in aqueous solution,235:38ab
Webb et al.®> have shown that an important deactiva-
tional pathway operating only for 1-naphthol (33) is
photoprotonation of the 5- and 8-positions, resulting
in deuterium incorporation at these positions on
photolysis in acidic D0, with a quantum yield of 0.11.
These photoprotonations are presumed to proceed via
intermediate phototautomers, e.g., 35, but these have
not been directly observed. The enhanced basicity at
the 5- and 8-positions of 33 would have been expected
on the basis of what has been reported for deuterium
incorporation of 1-methoxynaphthalene (13).17ab
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Tolbert and Haubrich®” have found that the excited-
state acidity of 2-naphthol can be enhanced by up to
4 pK, units with substitution of the 5- or 8-positions
with acyanogroup. This effectisattributed to lowering
of the more acidic !L, state on substitution with an
electron-withdrawing group. The availability of these
more acidic naphthols allow ESPT reactions to be
carried out in nonaqueous environments.

The first examples of utilizing the enhanced acidity
of excited-state naphthols to induce a transient pH
change (“pH jump”) were reported by Clark et al.3® and
Gutman et al.3%2in 1979. In this method, the enhanced
acidity of excited singlet state naphthols is used to
provide a means for a transient increase in local proton
concentration, which results in a rapid lowering of the
pH. Clark et al.3® showed that pulsed laser excitation
of an aqueous solution (pH 7) of 2-hydroxynaphthene-
6-sulfonate (36) at 266 nm resulted in rapid establish-
ment of excited-state acid—base equilibrium (k; = 1.02
X 10° g% k, = 9 X 10 g1) (eq 17). The authors

on * K o *
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calculated that the H30* concentration increased by
>10~* M during the excited-state lifetime (r =~ 10 ns)
of 36. Thus, the solution which initially had a pH of
7 before excitation was rapidly modulated on laser
excitation, to pH < 4 ona time scale given by the proton-
transfer rate.

Gutman et al.3b have directly measured the change
in pH obtained by laser excitation of naphthols, by
reaction of the dissociated protons with a pH indicator
present in solution. Thus, laser excitation (347.2 nm)
of an aqueous solution of 2-hydroxynaphthene-3,6-
disulfonate and bromocresol green resulted in the rapid
decrease in the absorbance of the basic form of the
indicator. The increase in proton concentration as
determined by the kinetic analysis was approximately
105-10"*M above the prepulse level. A similarincrease
in the concentration of discharged protons was mea-
sured by following the rate of reprotonation of the
naphtholate after its decay to the ground state.3%>d The
pH jump technique has now been used to probe the
microenvironments of biological systems343%# as well
as local structures of electrolyte solutions.39f

Foratransientincrease in pH, photoexcited acridine
and 6-methoxyquinoline have been employed.4=b The
basicity of the nitrogen of heterocyclic aromatic com-
pounds is known to increase in S;.34%¢ Thus excited-
state intramolecular proton transfer between nitrogen
heterocycles and phenolic hydroxyl groups has been
extensively studied.?4% Inthe presentapplications,=b
photoexcited acridine and quinoline abstract proton
from water, producing hydroxide ion. Kinetic studies
of the reaction were carried out in the presence of metal
cations®® and in various solvents,*’ the latter studies
being used to probe the effect of solvent structure on
proton transfer,

The use of the enhanced acidity of phenols and
naphthols in their excited states to initiate chemical
reactions is an attractive concept. Mansueto and
Wight*! have reported the polymerization of amorphous
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formaldehyde initiated by excited-state proton transfer
from 2-nitrophenol (pK, = 9.1; pK,* = -0.6). Thus
laser photolysis (308 nm) of crystalline formaldehyde
doped with 2-nitrophenol (20:1 CH,0-2-nitrophenol)
at 77 K resulted in the formation of polyoxymethylene
(® <0.05; chainlength ~ 10). According totheauthors,
this is the first example of a solid-state chain reaction
initiated by proton transfer from an electronically
excited dopant molecule. If correct, this report dem-
onstrates that it is possible to utilize the enhanced
photoacidity of phenols within a solid for the purpose
of inducing an irreversible chemical reaction. The
results presented do not rule out the possibility of
irreversible photogeneration of acid on photolysis of
o-nitrophenol. In general, nitroaromatic compounds
have very short singlet-state lifetimes and it is doubtful
that o-nitrophenol will be sufficiently long-lived in S,
to transfer a proton to reactant. Photoexcited nitro
groups are also known to abstract hydrogen atoms,
which in the present case could induce the observed
polymerization. Experiments using nitroaromatic com-
pounds incapable of releasing proton would have been
informative. In addition, the authors do not present
evidence for quantitative recovery of starting material
in order to show that irreversible photochemistry of
o-nitrophenol did not occur.

Saeva and Olin*? reported the photonitrosation of 36
and 1- and 2-naphthols in neutral aqueous solution in
the presence of sodium nitrite. Thus, photolysis of 36
in the presence of sodium nitrite (pH 7) gave 1-nitroso-
2-hydroxynaphthene-8-sulfonate (38) (® ~ 104) (eq 18).
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The authors suggested that the reaction mechanism
involves formation of nitrous acid as the nitrosating
agent, which is formed from reaction of nitrite ions
with dissociated protons from the excited singlet state
of 36. However, this proposal has been disputed on
several grounds including the argument that the
experiments used photon intensities which are too low
to cagse any significant changes in proton concentra-
tion.

Chow et al.# have reported the photonitrosation of
naphthols, anthrols, and 9-phenanthrol in the presence
of N-nitrosodimethylamine (39) in various solvents. For
example, photolysis of 1-naphthol (83) in the presence
of 39 gave 1,4-naphthoquinone monooxime (40) and
dimethylamine. The proposed mechanism of reaction

o
CHj
CH3
39
40 NOH

involves initial formation of an exciplex between
photoexcited 33 and 39. ESPT from 33 to 39 takes
place within the exciplex. This is followed by energy
migration from the naphtholate moiety to protonated
39 within the exciplex, followed by its decomposition,
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to give 1-naphtholate, dimethylamino radical cation,
and nitric oxide. Geminate electron transfer between
1-naphtholate and dimethylamino radical cation leads
to 1-naphthyloxy radical and dimethylamine. Radical
coupling of 1-naphthyloxy radical with nitric oxide leads
to 40. In independent studies, Chow and co-workers*
have shown that nitrosoamines such as 39 require proton
association as well as electronic excitation for it to
undergo homolytic cleavage toyield ammonium radicals
and nitric oxide. The requirement of ESPT in the
reaction mechanism was based on the observation that
general bases such as water and triethylamine quenched
the photonitrosation.4b

o-Allylphenols (41) have been shown to undergo
photocyclization in a variety of solvents to yield a
mixture of furanyl 42 and pyranyl ethers 4346s-d (eq
19). Areaction mechanism has been proposed in which
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ESPT fromthe excited phenol to the alkene takes place,
to generate isomeric carbocation intermediates, which
subsequently cyclizes to the observed products (eq 19).
The problem with this initially appealing mechanism
is that the alkene moiety is a very weak base (this
chromophore is not photoexcited in the reaction).
Although phenols are much more acidic in S; (pK, =~
3) than in the ground state, this change in acidity is still
insufficient to protonate the alkene. A recent study*6¢
of 41 (R = H) and related compounds in “cold” water
and ammonia clusters (in the gas phase) showed no
evidence for excited-state intramolecular proton trans-
fer. However, it is not clear whether this lack of reaction
is intrinsic to the compounds or to the clusters.

An alternative mechanism for the reaction which
involves initial electron transfer between the phenol
and alkene moieties has been proposed.*” The initially
formed radical-ion pair reacts via proton transfer,
leading to isomeric biradicals, which subsequently
couples to give the observed products. Structurally
related o-allylanilines react in a similar fashion, and an
electron-transfer mechanism is widely accepted for
these compounds.*’

In related work, Chow et al.8 have reported that
1-allyl-2-naphthol (44) and 2-allyl-1-naphthol (45)

o (= )
99 9¢
N X

84 45

undergo a similar photocyclization reaction to give the
corresponding dihydrofuranyl and pyranyl ethers. It
has been shown that the reaction is via the singlet
excited state and that proton transfer from the naphthol
is necessary for cyclization. The proposed mechanism
is believed to involve initial intramolecular proton
transfer to the alkene via two isomeric hydrogen-bonded
complexes. Again, the same argument against this
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intramolecular ESPT mechanism as discussed above
could be made.

Huang et al.*® have reported the photocyclization of
2-(2’-hydroxyphenyl)benzyl alcohol (46) and derivatives
in aqueous solution to give dibenzopyrans. The mech-
anism of reaction is of interest for two reasons: (i) the
requirement of a phenol moiety in which its excited-
state ionization is required for reaction at pH < 10 and
(ii) the substantial change in geometry that takes place
on going from substrate (which is highly twisted) to
product (which is essentially planar). Shown in eq 20
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is the proposed mechanism for the reaction at pH < 10.
The primary photochemical step is believed to involve
a very fast twisting of the biphenyl to a more planar
geometry which is probably concerted with deproto-
nation of the phenol moiety. This is followed by a
dehydroxylation step, to generate the biphenyl-o-
quinonemethide intermediate 47, which is facilitated
by the electron-rich phenolate ion and increased
electronic communication through the biphenyl ring
system. Subsequentelectrocyclicring closure gives the
observed dibenzopyran. The presence of methanol in
the solvent results in the trapping of 47, to give the
corresponding methyl ether product. Otherwise, trap-
ping by water gives back substrate. Excitation of 46 at
pH > 10 results in substantially higher quantum yields
for product formation. Under these conditions, only
the phenolate ion of 46 is excited. This suggests that
at pH < 10, the dissociated proton from the phenol
moiety does not act as a catalyzing acid for the
subsequent dehydroxylation step and that it is the
electron-donating power of the phenolate ion and the
more planar biphenyl ring system that are responsible
for the driving force of the dehydroxylation step.

V. Photodissoclation of Aryimethyl Alcohols

A. Benzyl Systems

The acid-catalyzed solvolysis of arylmethyl alcohols
(ROH) to give arylmethyl cation (R*) and water (eq
21) may be viewed as an acid-base reaction, with the
substrate alcohol functioning as a pseudobase and the
arylmethyl cation as a pseudoacid. Ionizations of this

ArCHOH  +  H* === ArCH* + H0 @1)
(ROH) ()

kind in the ground state generally require strong acid
with diaryl or triarylmethyl systems being extensively
studied as the reaction serves as an indicator of the
relative stability of the corresponding carbocations.%2:50
Thus pKr+ values (for the reverse direction shown in
eq 21) using the Hy acidity function®! have been
measured for a variety of substrates and are generally
< -3 except for heavily stabilized cations such as the
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4,4’ 4”-trihydroxytriphenylmethyl cation, which have
pKgr+ > 0.90%0 Since the electronically excited states of
ROH and R+ of these substrates are readily accessible,
it is of interest to consider how the equilibrium of eq
211is affected in the excited singlet state. Feldman and
Thame?? were the first to address this point. Since all
arylmethyl carbocations R* absorb at much longer
wavelength than the precursor alcohol ROH, the 0,0
energy of R* will always be less than the that of ROH.
It is easy to see using the Forster cycle that R* should
be a much weaker pseudoacid in S; than in S,.
Conversely, ROH should ionize much more readily in
SithaninS,. Assumingidentical entropies of reaction
in the ground and excited states, Feldman and Thame®?
calculated the pKg+* of several dibenzannelated di-
arylmethyl alcohols (e.g., 9-phenylxanthen-9-ol) to be
in the 22-25 range. In contrast, their known ground-
state pKg+'s are in the +0.1to —3.7 range. This implies
that ROH should dissociate readily when photochem-
ically excited whereas the ground-state process requires
strong acid. However, the authors were not able to
obtain direct evidence for excited-state ionization and
concluded that the intrinsically short lifetimes of
excited-states precluded such reaction for most sub-
strates.

Leucohydroxides are well-known photochromic mol-
ecules which on photoexcitation dissociates into a highly
stabilized and colored triarylmethyl cation and hy-
droxide ion®? (eq 22). Presumably equilibrium in the
excited state is not attained in these dissociations, and
the facile cleavage of these compounds is due to a low-
lying dissociative potential energy surface which leads
to ground state ionic products. Thus the adiabaticity
of these photodissociations has never been demon-
strated. Irie%e irradiated 48 in aqueous solution and
observed anincrease in pH which returned to its original
value on removal of light. The direction of this pH

w0

(22)

jumpisinthe opposite direction asthose observed using
naphthols and related compounds (vide supra). Man-
ring and Peters®3® have studied the photodissociation
dynamics of 48 using picosecond laser flash photolysis.
In CH3CN a transient assignable to the cation (Amax =
610 nm) was observable 2 ns after the laser pulse. No
such species was observable in cyclohexane.

Turro and Wan5* first demonstrated that simple
methoxy and dimethoxy-substituted benzyl alcohols
undergo efficient photodissociation in dilute aqueous
H.S0,, to form the corresponding benzyl cation, which
can be trapped by added MeOH in the solvent, under
conditions where no ground-state dissociation occurred
(eq 23). Unlike the leucohydrozxides, the arylmethyl
cation intermediates in these ionizations are not ex-
ceptionally stabilized: they are most likely formed
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initially on the excited-state surface and hence may be
truly regarded as excited-state ionizations with a
corresponding pKr+* value. Corroborating this view
of the reaction mechanism is the observation that the
fluorescence emissions of these compounds were
quenched by added acid concurrent with acid catalysis
of methyl ether formation, indicative of proton assis-
tance of the ionization. The fluorescence quenching
plots were sigmoid with half quenching efficiencies in
the pH 1.5 to 0.5 acidity range for the reactive
compounds suggesting that these arylmethanols have
vastly more positive pKg+ in S; than in S;. Additional
studies reporting quantum yields and rate constants
for these and other reactive systems have subsequently
been published.’< The most reactive system discov-
ered so far in this series of compounds is 2,6-dimethoxy-
benzyl alcohol, which has a quantum yield of nearly
unity for carbocation formation in neutral solution. In
1:1 MeOH-H:0 (pH 7), the quantum yield formation
of the methyl ether is 0.31. Unlike other compounds,
the photoionization of this substrate does not require
acid catalysis. Anexamination of the relativereactivity
of the methoxy and dimethoxy-substituted benzyl
alcohols studied to date® indicate a reactivity trend
that essentially parallels that initially observed for the
photosolvolysis of methoxybenzyl acetates first reported
by Zimmerman and Sandel,?® who first proposed and
quantified the idea of meta activation. The present
studies provide the first quantitative measure (based
onrate measurements) of relative reactivity of all three
methoxy isomers in addition to demonstrating that
hydroxide ion can be an excellent leaving group in
photochemical reactions. It has been noted®ec that
predictions from Férster-cycle calculations for these
substrates should be taken with caution since it appears
that excited-state equilibrium is never achieved in these
reactions; kinetic factors probably play the major role
in determining actual relative reactivity in these
photochemical dissociations.

The photodissociation efficiency of o-hydroxybenzyl
alcohol (49) was found to be significantly higher than
that of 2-methoxybenzyl alcohol and is believed to be
the result of intramolecular catalysis by the phenolic
group (eq 24). In this substrate, the known enhanced

CH,OH HoOMe
MeOH
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acidity of the phenolin S, is used to assist the departure
of the hydroxide ion, resulting in an overall photode-
hydration reaction, to generate o-quinonemethide 50,
which subsequently reacts with methanol to give
51.54b56a A photocondensation reactionresulting in the
formation of phenol-formaldehyde type oligomers was
observed when the photolysis was carried out at high
pH in the absence of MeOH.*% Using triarylmethanol
derivatives, Hamai and Kokubun®¢b< have shown that
heavily stabilized derivatives of 50 with long lifetimes
may be photogenerated in hexane.

The photoionization of simple arylmethanols such
as pyrenyl and 2-naphthylmethanol has also been
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reported.’” Allofthese substratesrequire the assistance
of acid to effect reaction and are much less reactive
than methoxy-substituted benzyl alcohols.

B. Dibenzannelated Systems

Although Feldman and Thame® were not able to
demonstrate conclusively the generality of photoion-
ization (to the corresponding carbocation and hydroxide
ion) of several dibenzannelated alcohols, Wan et al.5%
have reported the efficient photodehydroxylation of
9-phenylxanthen-9-ol (52) (eq 25). In the presence of
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methanol as cosolvent, the corresponding methyl ether
was isolated in high yields. Moreover, they demon-
strated using steady-state fluorescence emission studies
that the cation was generated adiabatically, showing
that ionization was indeed taking place (at least in part)
on the excited state surface. Recent laser flash pho-
tolysis studies by McClelland et al.,3¥ Das and Minto,58¢
and Okuyama et al.’¥d have confirmed that the primary
photochemical step in this reaction is loss of hydroxide
ion, with substantial quantum yields that are highly
solvent dependent and that at least part of the
dehydroxylation step is adiabatic. Results of the laser
flash photolysis study by Okuyama et al.5® showed that
the decay of photogenerated 9-(p-methoxyphenyl)-9-
xanthenylium cation exhibited biphasic first-order
decay. The rapid decay is ascribed as being due to ion
pair recombination with the slower decay being due to
recombination of the cation with solvent. A related
benzopyranol derivative has also been reported to
undergo efficient photodehydroxylation to give a car-
bocation intermediate.58

Wan et al.?"®® have also reported the efficient
photodehydroxylation of 9-fluorenol and derivatives.
Photolysis of the parent 9-fluorenol (53) in aqueous
alcohol?”%92 gave the corresponding alkyl ethers in high
yield. Under similar conditions, none of the related
compounds 55-57 reacted. The authors proposed that
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the primary photochemical step is C-OH bond het-
erolysis to generate the 9-fluorenyl cation (54) as the
primary intermediate. This cation is antiaromatic in
the ground state due to the 47 (4n) electrons in the
internal conjugated cyclic array and is exceptionally
difficult to generate under thermal conditions. Itsease
of photogeneration and the lack of photoreactivity of
57 is consistent with an enhanced driving force for the
photogeneration of 4n systems in the excited state
discussed earlier. The enhanced reactivity which
appears to be inherent in 9-fluorenol systems has now
been further demonstrated in studies of a variety of
9-fluorenol derivatives such as 58.5%< Interestingly,
the photodehydroxylation of 58 was found to be acid
catalyzed, adding further support for an ionic mech-
anism.

Recent laser flash photolysis by Mecklenburg and
Hilinskif% and McClelland et al.5%® have confirmed the
intermediacy of 54 in the photolysis of 53 in aqueous
solution. A transient at 515 nm with a lifetime < 20
ps in H,0-MeOH was observed and assigned to 54 by
Mecklenburg and Hilinski.8% McClelland et al.8m60b.c
were able to extend the lifetime of this highly reactive
cation to 230 us in the very non-nucleophilic but highly
ionizing solvent HFP and also in TFE. In addition,
the chemistry observed for photogenerated 9-fluorenyl
cations®™8¢ ig consistent with a highly destabilized
(ground-state antiaromatic) species. However, no
evidence was obtained in any of these studies which
would indicate that the heterolysis step is adiabatic, as
required on the basis of the rationalization of the
reaction offered by Krogh and Wan.2” These simple
photoheterolysis pathways for the generation of
carbocations—in which the precursor alcohol may be
viewed as a very strong pseudobase in the excited
state—open up a variety of studies of structure-
reactivity of ionic mechanisms and especially how
ground- and excited-state reaction surfaces are related.

VI. Summary

The utility of acid—base chemistry of electronically
excited states has been amply demonstrated since the
review of Ireland and Wyatt.32 It is anticipated that
the use of laser flash photolysis in these investigations
will continue to provide new insights into mechanistic
details never available before. Studies concerning the
dynamics of intramolecular proton transfer and phenol-
naphthol-hydroxypyrene photodeprotonation still dom-
inate the literature in this area. With the discovery of
excited-state carbon acids, the relatively facile photo-
dissociation of arylmethyl alcohols and new results in
the study of photoprotonation of aromatic substrates,
the scope and utility of excited state acid—base chem-
istry have been increased significantly during the last
few years and suggest that other new examples and
insights await discovery in this emerging field.

Acknowledgments. Support of our work was gen-
erously provided by the Natural Sciences and Engi-
neering Research Council (NSERC) of Canada, the
donors of the Petroleum Research Fund, administered
by the American Chemical Society, and the University
of Victoria. We acknowledge the contributions of the
many co-authors, whose names appear in the references,



Utility of Acki~Base Behavior of Excited States

for their contributions to our research efforts in excited-
state acid—base chemistry.

VII. References

)
2)
(3)

4)
(5)

-~

6

7

-~

8

Pt

)

-~

(10)

(11)
(12)

(13)

(14)

Forster, T. Naturwissenschaften 1949, 36, 186.

Weller, A. Prog. React. Kinet. 1961, 1, 189.

(a) Ireland, J. F.; Wyatt, P. A. H. Adv. Phys. Org. Chem. 1976, 12,
131. (b) Vander Donckt, E. Prog. React. Kinet, 1970, 5, 273. (c)
Lahiri, 8. C. J. Sci. Ind. Res. (India) 1979, 38, 492, (d) Klopffer,
W. Adv. Photochem. 1977, 10, 311, (e) Schulman, S. G.; Wine-
fordner, J. D. Talanta 1970, 17, 607. (f) Schulman, S. G. Rev.
Anal. Chem. 1971, 1, 85. (g) Martynov, L. Y.; Demyashkevich, A.
B.; Uzhinov, B, M.; Kuzmin, M. G. Russ. Chem. Rev. 1977, 46, 1.
(h) Kelly, R. N.; Schulman, S. G. In Molecular Luminescence
Spectroscopy; Methods and Applications; Schulman, S. G., Ed.;
Wiley-Interscience: New York, 1988; Part 2, Chapter 6.
Wubbels, G. G. Acc, Chem. Res, 1983, 16, 285,

For examples, see; (a) Saeva, F. D,; Breslin, D. T.; Luss, H. R. J.
Am, Chem, Soc. 1991, 113, 5333. (b) Dektar, J. L.; Hacker, N. P.
J. Am. Chem. Soc. 1990, 112, 6004. (c) Saeva, F. D. Top. Curr.
Chem. 1990, 156, 59. (d) Cameron, J. F.; Frechet, J. M. J. J. Am.
Chem, Soc, 1991, 113, 4303,

For examples, see: (a) Nowlan, V. J.; Tidwell, T. T, Acc. Chem.
Res. 1977, 10, 252, (b) Schubert, W. M.; Keeffe,J. R.J. Am. Chem.
Soc. 1972, 94, 559. (c) Durand, J.-P.; Davidson, M.; Hellin, M.;
Coussemant, F. Bull. Soc, Chim. Fr. 1966, 43. (d) Noyce, D. S.;
Schiavelli, M.D.J. Am.Chem. Soc. 1968, 90,1020; 1023. (e) Melloni,
G.; Modena, G.; Tonellato, U. Acc. Chem. Res. 1981, 14, 227.

(a) Wooldridge, T.; Roberts, T. D, Tetrahedron Lett. 1973, 4007.
(b) Roberts, T. D.; Ardemagni, L.; Shechter, H. J. Am. Chem. Soc.
1969, 91, 6185. (c) Roberts, T. D, J. Chem. Soc., Chem. Commun.
1971, 362. (d) Roberts, T. D.; Munchausen, L.; Shechter, H.J. Am.
Chem, Soc. 1975, 97, 3112,

(a) Wan, P.; Yates, K, Rev. Chem. Intermed. 1984,5,157. (b) Wan,
P.; Culshaw, S.; Yates, K. J. Am. Chem. Soc. 1982, 104, 2509. (c)
Wan, P.; Yates, K. J. Org. Chem. 1983, 48, 869. (d) Rafizadeh, K.;
Yates, K. J. Org. Chem. 1984, 49, 1500. (e) McEwen, J.; Yates, K.
J. Am. Chem. Soc. 1987, 109, 5800. (f) Anderson, S. W.; Yates, K.
Can, J. Chem. 1988, 66, 2412, (g) Isaks, M.; Yates, K.; Kalan-
deropoulos, P. J. Am, Chem. Soc. 1984, 106, 2728. (h) Kalan-
deropoulos, P.; Yates, K. J. Am. Chem. Soc. 1986, 108, 6290. (i)
Yates, K.; Martin, P,; Csizmadia, I. G. Pure Appl. Chem. 1988, 60,
205. (j) Martin, P.; Yates, K.; Csizmadia, I. G. Can. J. Chem. 1989,
67,2178. (k) Sinha, H. K.; Thompson, P, C. P.; Yates, K. Can. J.
Chem. 1990, 68,1507. (1) McClelland, R. A.; Cozens, F.; Steenken,
S. Tetrahedron Lett. 1990, 3821. (m) Cozens, F. L.; Mathivanan,
N.; McClelland, R. A.; Steenken, S. J. Chem. Soc., Perkin Trans.
2,inpress. (n) McClelland, R. A.; Chan, C,; Cozens, F.; Modro, A;
Steenken, S, Angew. Chem., Int. Ed. Engl. 1991, 30, 1337,

(a) Liler, M. Reaction Mechanism in Sulfuric Acid; Academic
Press: London, 1971. (b) Stewart, R. The Proton: Applications
to Organic Chemistry; Academic Press: Orlando, 1985.

(a) Smith, T. P.; Zaklika, K. A.; Thakur, K.; Barbara, P. J. Am.
Chem. Soc, 1991, 113, 4035. (b) Martinez, M. L.; Studer, S. L.;
Chou, P.-T. J. Am. Chem. Soc. 1991, 113, 5881. (c) Martinez, M.
L.; Studer, S. L.; Chou, P.-T. J. Am. Chem. Soc. 1990, 112, 2427.
(d) Catalén, J.; Fabero, F.; Guijarro, M. S.; Claramunt, R. M.; Santa
Maria, M. D.; Foces-Foces, M. de la C.; Cano, F. H.; Elguero, J.;
Sastre, R, J. Am., Chem. Soc. 1990, 112, 747. (e) Brinn, I. M,;
Carvalho, C. E. M.; Heisel, F.; Miche, J. A. J. Phys. Chem. 1991,
95, 6540. (f) Chou, P.-T\; Martinez, M. L.; Cooper, W. C. J. Am.
Chem. Soc, 1992, 114, 4943. (g) Peteanu, L. A.; Mathies, R. A. J.
Phys. Chem. 1992, 96, 6910. (h) Chou, P.-T.; Martinez, M. L,;
Cooper, W, C.; McMorrow, D.; Collins, S. T,; Kasha, M. J. Phys.
Chem. 1992, 96, 5203. (i) Schwartz, B. J.; Peteanu, L. A.; Harris,
C. B.J. Phys. Chem, 1992, 96, 3591. (j) Kasha, M. J. Chem. Soc.,
Faraday Trans. 2 1986, 82, 2379. (k) Balzani, V.; Scandola, F.
Supramolecular Photochemistry; Ellis Horwood: Chichester,1991;
pp 342-349,

Uchida, M.; Irie, M. Chem. Lett. 1991, 2159,

Miesen, F. W. A. M.,; Baeten, H, C, M.; Langermans, H. A_; Koole,
L. H. Can. J. Chem. 1991, 69, 1554,

(a) Cornelisse, J.; Havinga, E. Chem. Rev. 1975, 75, 353. (b) de Bie,
D. A.; Havinga, E. Tetrahedron 1965, 21, 2395. (c) Lodder, G.;
Havinga, E. Tetrahedron 1972, 28, 5583. (d) Spillane, W. J.
Tetrahedron 1975, 31, 495. (e) Mason, S. F.; Smith, B. E.J. Chem.
Soc. (A) 1969, 325. (f) Smith, B, E. J. Chem. Soc. (A) 1969, 2673.
(g) Kuzmin, M. G.; Uehinov, B. M,; Gyorgy, G. S.; Berezin, I. V.
Russ. J. Phys. Chem. (Engl. Transl.) 1967, 41,400. (h) Vesley, G.
F. J. Phys. Chem. 1971, 75, 1775. (i) Colpa, J. P.; Maclean, C.;
Mackor, E. L. Tetrahedron, Suppl. 1963, 2, 65.

(a) Wan, P,; Wu, P. J. Chem. Soc., Chem. Commun. 1990, 822. (b)
Pollard, R.; Wu, S.; Zhang, G.; Wan, P. J. Org. Chem., submitted
for publication. (c) Mathivanan, N.; Cozens, F.; McClelland,R. A,;

(15)

(16)
amn

(18)
(19)

(20)

1)
(22)
(23)

(24)

(25)

(26)
@270
(28)
(29)

(30)

31

(32)
(33)

(34)

(35)
(36)

37
(38)

(39)

40

(41)
(42)
(43)
(44)

Chemical Reviews, 1993, Vol. 93, No. 1 583

Steenken, S. J. Am, Chem. Soc. 1992, 114, 2198. (d) Steenken, S.;
McClelland, R. A. J. Am. Chem. Soc. 1990, 112, 9648.

(a) Kresge, A. J.; Chiang, Y.; Hakka, L. E. J. Am. Chem. Soc. 1971,
93,6167. (b) Brouwer, D. M.; Maclean, C.; Mackor, E. L. Discuss.
Faraday Soc. 1965, 39, 121.

(a) Sevens, C, G.; Strickler, S. J.J. Am. Chem. Soc. 1973, 95, 3922.
(b) Stevens, C. G.; Strickler, S. J.J. Am. Chem. Soc. 1973, 95, 3918.
(a) Shizuka, H.; Tobita, S. J. Am. Chem. Soc. 1982, 104, 6919. (b)
Shizuka, H. Acc. Chem.Res. 1985, 18, 141. (c) Shizuka, H.; Serizawa,
M.; Kobayashi, H.; Kameta, K.; Sugiyama, H.; Matsuura, T.; Saito,
L. J. Am. Chem. Soc. 1988, 110, 1726. (d) Shizuka, H.; Serizawa,
M.; Shimo, T.; Saito, I.; Matsuura, T. J. Am. Chem. Soc. 1988, 110,
1930. (e) Saito, L; Sugiyama, H.; Yamamoto, A.; Muramatsu, S.;
Matsuura, T. J. Am, Chem. Soc. 1984, 106, 4286, (f) Saito, I.;
Muramatsu, S.; Sugiyama, H.; Yamamoto, A.; Matsuura, T.
Tetrahedron Lett. 1985, 5891.

Cozens, F.; McClelland, R. A.; Steenken, S. Tetrahedron Lett. 1992,
173.

(a) Brandon, W ; Pincock, A. L.; Pincock, J. A.; Redden, P.; Sehmbey,
C.J. Am. Chem. Soc. 1987, 109, 2181. (b) Pincock, J. A.; Redden,
P.R. Can. J. Chem. 1989, 67, 227. (c) Pincock, J. A.; Redden, P.
R. Can. J. Chem, 1989, 67, 710.

(a) Tolbert, L. M. In Comprehensive Carbanion Chemistry; Buncel,
E., Durst, T., Eds.; Elsevier, Amsterdam, 1987; Part C, chapter 4.
(b) Vander Donckt, E.; Nasielski, J.; Thiry, P.J. Chem. Soc., Chem.
Commun, 1969, 1249,

Grellmann, K. H.; Heilbronner, E.; Seiler, P.; Weller, A. J. Am.
Chem. Soc. 1968, 90, 4238.

Kresge, A. J. Acc. Chem. Res. 1975, 8, 354.

(a) Brauman, J. I.; Schwartz, J.; van Tamelen, E. E. J. Am. Chem.
Soc.1968,90,5328. (b) Schwartz,d.J. Chem. Soc., Chem, Commun.
1969, 833.

(a) Wan, P.; Krogh, E.; Chak, B.J. Am. Chem. Soc. 1988, 110, 4073.
(b) Wan, P.; Budac, D.; Krogh, E. J. Chem. Soc., Chem. Commun.
1990, 255. (c) Wan, P.; Budac, D.; Earle, M.; Shukla, D. J. Am.
Chem. Soc. 1990, 112, 8048. (d) Budac, D.; Wan, P.J. Org. Chem.
1992,57,887. (e) Wan, P.; Budac, D. Unpublished work. (f) Wan,
P.; Shukla, D. Unpublished work.

(a) Burdett, K. A.; Shenton, F. L.; Yates, D. H.; Swenton, J. S.
Tetrahedron 1974, 30, 2057. (b) Pomerantz, M.; Gruber, G. W. J.
Am, Chem, Soc. 1967, 89, 6799. (c) Pomerantz, M.; Gruber, G. W.
J. Am. Chem. Soc. 1967, 89, 6798.

Krogh, E.; Wan, P. J. Am. Chem. Soc. 1992, 114, 705.

Wan, P.; Krogh, E. J. Am. Chem. Soc. 1989, 111, 4887.
Woodward, R. B.; Hoffmann, R. The Conservation of Orbital
Symmetry; Verlag-Chemie: Weinheim, 1970.

(a) Zimmerman, H. E. Acc. Chem. Res. 1971, 4, 272. (b) Dewar,
M. J. 8. Angew. Chem., Int. Ed. Engl. 1971, 10, 761.

(a) Chattopadhyay, N.; Chowdhury, M. J. Photochem. Photobiol.,
A 1988, 41, 337. (b) Manoharan, R.; Dogra, S. K. J. Photochem.
Photobiol., A 1988, 43, 81.

(a) Wan, P.; Yates, K. J. Org. Chem. 1983, 48, 136. (b) Wan, P.;
Yates, K. J. Chem. Soc., Chem. Commun. 1981, 1023. (c) Wan, P.;
Yates, K. Can. J. Chem. 1986, 64, 2076. (d) Muralidharan, S.;
Wan, P. Unpublished work. (e) Wan, P.; Muralidharan, S.;
McAuley, I; Babbage, C. A, Can. J. Chem. 1987, 65, 1775.
Marudarajan, V.; Scheiner, S. J. Phys. Chem. 1991, 95, 10280.
(a) Yates, K. J. Am. Chem. Soc. 1986, 108, 6511. (b) Arnaut, L.
G.; Formosinho, S. J. J. Phys. Chem. 1988, 92, 685.

Huppert, D.; Gutman, M.; Kaufman, K. J. In Photoselective
Chemistry;Jortner, d., Levine, R. D, Rice, S. A, Eds.; Wiley: New
York, 1981; Part 2.

Webb, S. P; Philips, L. A,; Yeh, 8. W,; Tolbert, L. M,; Clark, J. H.
J. Phys. Chem. 1986, 90, 5154.

(a) Harris, C. M.; Selinger, B. K. J. Phys. Chem. 1980, 84, 891. (b)
Harris, C. M.; Selinger, B. K. J. Phys. Chem. 1980, 84, 1366. (c)
Krishnan, R.; Fillingim, T. G.; Lee, J.; Robinson, G. W. J. Am.
Chem. Soc. 1990, 112,1353. (d) Syage,dJ. A.; Steadman, J.J, Chem.
Phys. 1991, 95, 2497.

Tolbert, L. M.; Haubrich, J. E. J. Am. Chem. Soc. 1990, 112, 8163.
Clark, J. H.; Shapiro, S. L.; Winn, K. R. C. J. Am. Chem. Soc. 1979,
101, 746.

(a) Gutman, M.; Huppert, D. J. Biochem. Biophys. Methods 1979,
1,9. (b) Smith, K. K.; Huppert, D.; Gutman, M.; Kaufman, K. J.
Chem. Phys. Lett. 1979, 64, 522. (¢) Gutman, M.; Huppert, D.;
Pines, E. J. Am. Chem. Soc. 1981, 103, 3709. (d) Gutman, M.;
Nachliel, E.; Gershon, E.; Giniger, R.; Pines, E. J. Am. Chem. Soc.
1983, 105, 2210. (e) Gutman, M,; Nachliel, E.; Huppert, D. Eur.
J. Biochem. 1982, 125,175. (f) Lee,dJ.J. Am.Chem. Soc.1989, 111,
427. (g) Politi, M. J.; Brandt, O.; Fendler, J. H. J. Phys. Chem.
1985, 89, 2345.

(a) Nachliel, E.; Ophir, Z.; Gutman, M. J. Am. Chem. Soc. 1987,
109, 1342. (b) Yao, S. H.; Lee, J.; Robinson, G. W. J. Am. Chem.
Soc. 1990, 112, 5698. (c) Itoh, M.; Adachi, T.; Tokumura, K.J. Am.
Chem. Soc. 1983, 105, 4828.

Mansueto, S. E.; Wight, C. A. J. Am. Chem. Soc. 1989, 111, 1900.
Saeva, F. D.; Olin, G. R. J. Am. Chem. Soc. 1975, 97, 5631.
Chandross, E. A. J. Am. Chem. Soc. 1976, 98, 1053.

(a) Chow, Y. L.; Wu, Z.-Z. J. Am. Chem. Soc. 1985, 107, 338. (b)
Chow, Y. L.; Wu, Z.-Z. J. Am. Chem. Soc. 1987, 109, 5260. (c)



584

(45)

(46)

47
(48)
49)
(50)
(51)

(52)
(53)

Chemical Reviews, 1993, Vol. 93, No. 1

Chow, Y. L.; Wu, Z.-Z.; Thewalt, M. L. W.; Steiner, T. W. J. Am.
Chem. Soc. 1988, 110, 5543.

(a) Chow, Y. L. Acc. Chem. Res. 19783, 6, 354. (b) Chow, Y. L,;
Colon, C.J.; Chang, D. W.L,; Pillay, K. S.; Lockhart, R. L.; Tezuka,
T. Acta Chem. Scand. 1982, B36, 623. (c¢) Chow, Y. L.; Colon, C.
J.; Quon, H. H.; Mojelsky, T. Can. J. Chem. 1972, 50, 1065. (d)
Chow, Y. L.; Wu, Z.-Z.; Lau, M. P,; Yip, R. W. J. Am. Chem. Soc.
1985, 107, 8196.

(a) Frater, G.; Schmid, H. Helv. Chim. Acta 1967, 50, 255. (b)
Horspool, W. M.; Pauson, P. L. J. Chem. Soc., Chem. Commun.
1967,195. (c) Houry,S.; Geresh, S.; Shani, A. Israel J. Chem. 1973,
11, 805. (d) Geresh, S.; Levy, O.; Markovits, Y.; Shani, A.
Tetrahedron 1975, 31, 2803. (e) Kim, S. K,; Hsu, S. C,; Li, S;
Bernstein, E. R. J. Chem. Phys. 1991, 95, 3290.

(a) Morrison, H. Org. Photochem.1979,4,143. (b) Koch-Pomeranz,
U.; Schmid, H.; Hansen, H. J. Helv. Chim. Acta 1977, 60, 768.
Chow, Y. L.; Zhou, X.-M.; Gaitan, T. J.; Wu, Z.-Z. J. Am. Chem.
Soc. 1989, 111, 3813.

Huang, C.-G.; Beveridge, K. A.; Wan, P. J. Am. Chem. Soc. 1991,
113, 7676.

Freedman, H. H. In Carbonium Ions, Olah, G. A., Schleyer, P. v.
R., Eds.; Wiley: New York, 1973; Vol. IV, chapter 28.

Deno, N. C.; Jaruzelski, J. J.; Schriesheim, A. J. Am., Chem. Soc.
1955, 77, 3044.

Feldman, M. R.; Thame, N. G. J. Org. Chem. 1979, 44, 1863.
(a) Irie, M. J. Am. Chem. Soc. 1983, 105, 2078. (b) Manring,L.E;
Peters, K. S. J. Phys. Chem. 1984, 88, 3516.

(54)

(55)

(56)

57)

(58)

(59)

(60)

Wan and Shukla

(a) Turro, N. J.; Wan, P. J. Photochem. 1985, 28, 93. (b) Wan, P.;
Chak, B. J. Chem. Soc., Perkin Trans. 2 1986, 1751. (c) Wan, P.;
Chak, B,; Krogh, E. J. Photochem. Photobiol., A 1989, 46, 49.
(a) Zimmerman, H. E,; Sandel, V. R. J. Am. Chem. Soc. 1963, 85,
915. (b) Zimmerman, H. E. In Advances in Photochemistry;
Interscience: New York, 1963; Vol. 1.

(a) Wan, P.; Hennig, D. J. Chem. Soc., Chem. Commun. 1987, 939.
(b) Hamai, S.; Kokubun, H. Z. Phys. Chem. (Frankfurt) 1974, 88,
211. (c) Hamai, S.; Kokubun, H. Bull. Chem. Soc. Jpn. 1974, 47,
2085.

Hall, B.; Wan, P. J. Photochem. Photobiol., A 1991, 56, 35.

(a) Wan, P.; Yates, K.; Boyd, M. K. J. Org. Chem. 1985, 50, 2881.
(b) McClelland, R. A.; Banait, N.; Steenken, S. J. Am. Chem. Soc.
1989, 111, 2929. (c) Das, P. K.; Minto, R. E. J. Am. Chem. Soc.
1989, 111, 8858. (d) Okuyama, T.; Ueno, K.; Morishima, Y.;
Kamachi, M.; Fueno, T. Chem. Lett. 1990, 1129. (e) Ramaiah,D.;
Scaria, P. M.; Cyr, D. R.; Das, P. K,; George, M. V. J. Org. Chem.
1988, 53, 2016.

(a) Wan, P.; Krogh, E. J. Chem. Soc., Chem. Commun. 1985, 1207.
(b) Blazek, A.; Pungente, M,; Krogh, E.; Wan, P. J. Photochem.
Photobiol., A 1992, 64, 315. (c) Krogh, E.; Wan, P. Can. J. Chem.
1990, 68, 1725,

(a) Mecklenburg, S.L.; Hilinski, E. F.J. Am. Chem. Soc. 1989, 111,
5471. (b) McClelland, R. A.; Mathivanan, N.; Steenken, S. J. Am.
Chem. Soc. 1990, 112, 4857. (c) Cozens, F.; Li, J.; McClelland, R.
A.; Steenken, S. Angew. Chem., Int. Ed. Engl. 1992, 31, 743.



