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Abstract: The photosolvolytic rearrangement of a varietypdiydroxyphenacyl esters and related compounds
7—16 has been studied in solutions with up to 50% aqueous content, using product studies, triplet quenchers,
and nanosecond laser flash photolysis. PHeydroxyphenacyl moiety has recently been proposed as a new
and efficient photoactivated protecting group in aqueous solution. Practical applications have been demonstrated,
but much less is known about the mechanism of photoreaction. Our data support a novel mechanism in which
the primary photochemical step from the singlet excited state is formal intramolecular proton transfer from the
phenolic proton to the carbonyl oxygen of the distal ketone, mediated by solvent water, to generate the
corresponding-quinone methide phototautomer. This reactive intermediate (most likely in its excited state)
subsequently expels the carboxylic acid with concerted rearrangement to a spiroketone intermediate, which
subsequently leads to the final observed prodpdtydroxyphenylacetic acid. An alternative mechanism is
deprotonation of the phenolic proton, loss of the carboxylate, and rearrangement to the spiroketone, all in one

concerted primary photochemical step from S

Introduction

Photorelease with near-UV light of biologically relevant
compounds has widespread application in physiology and allied
areas The most widely used protecting groups that have been
employed to release (“uncage”) such compounds are the
o-nitrobenzyl and benzoin (desyl) groups, illustrated by the
simplified generalized structurels and 2, respectively (R=
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protected functionalityj2 Recently, Givens and co-workérs
reported the use of thehydroxyphenacyl group (e.g., eq 1) as
a new phototrigger to release a variety of caged biological
effectors (ATP, amino acids, etc.) in aqueous solution, with the
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p-hydroxyphenacyl group being transformed via an overall
solvolytic rearrangement to giyehydroxyphenylacetic acicj.

The proposed mechanism of reactiovolves the triplet excited
state of thep-hydroxyacetophenone chromophore, and the
primary photochemical step was suggested to beOCOR
bond homolysis to give the radical pady followed by fast
electron transfer to give the corresponding ion paubsequent
proton transfer/rearrangement gives spiroketone interme@liate
which is trapped by water to give (Scheme 1).

Banerjee and Falvéy(using laser flash photolysis) have
recently studied the photorelease mechanism of phenacyl esters
lacking thep-hydroxy group and concluded that, in H-atom-
donating solvents, the mechanism of photorelease of the
carboxylic acid is not via EOCOR homolysis, but via initial
hydrogen abstraction by the acetophenone carbonyl to generate
a ketyl radical, which can react further via a long-lived>( 1
ms) intermediate of as yet undefined structure, to release the
carboxylate. Acetophenone (formal reduction product) is the
other product observed via this mechanism. On the basis of
solvent isotope effects, Givens eféhad earlier made a similar
mechanistic proposal in the observed photoreductiorp-of
methoxyphenacy! diethyl phosphate ester in MeOH or dioxane.
Thus, there is much current interest in the mechanism and
potential applications of the phenacyl chromophore.

(4) Banerjee, A.; Falvey, D. El. Am. Chem. S0d.998 120, 2965.
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In recent investigations of the mechanistic photochemistry
of a variety of hydroxyaromatic compounds in agueous solution,

we have observed that proton transfer in the singlet state from

Zhang et al.

and 13—16, which differ greatly in the propensity of the
corresponding acyloxy radical to decarboxylate (if generated
in the reaction mechanism). Pincock and co-workdrave
shown that differing rates of decarboxylation of the acyloxy
radical have a dramatic influence on the ratio of products derived
from ionic versus radical intermediates in the photolysis of
benzyl and naphthylmethyl esters. Pivalate esters gave the
highest yield of radical-derived products, consistent with a very
fast rate of decarboxylation for the pivaloyloxy radical
[(CH3)3:COy, kg = 1.1 x 100 s71.6bc The reported rate for
decarboxylation of the benziloyloxy radical [(RE(OH)CQy,
kg = (2—8) x 10 s71]7is an order of magnitude faster. Thus,
if the reaction mechanism involved initial €©©COR bond
homolysis followed by electron transfer @-16), large effects
would be expected on the observed product distribution from
these substrates.

Photolysis 0f9—16 was carried out initially in NMR tubes

the hydroxy group (either to solvent or intramolecularly to (~107°M, 1:1 DO—CDsCN, Rayonet photochemical reactor,

another basic site of the molecule mediated by a water cluster

is the primary photochemical step which is ultimately respon-
sible for the chemistry.We were therefore intrigued by the

possibility that a proton-transfer mechanism might be operative

for the reaction shown in eq 1 for thepehydroxyphenacyl

esters. Our results indeed show that, for the group of compounds

studied in this work, the phenolic hydroxyl group is essential
for efficient reaction and that the primary photochemical step
is not C-OCOR homolysis but excited-state proton transfer
(ESPT), most likely intramolecular proton transfer from the
hydroxyl group to the carbonyl oxygen mediated by water (or

)300 nm lamps, 10 min) to assess product yields and distributions

without the need of workup. All of compounds-16 gave
p-hydroxyphenylacetic aci¢B) (or 4-hydroxy-3,5-ditert-butyl-
phenylacetic acid17)) and the appropriate carboxylic acids
CH,COzH
HO

17

less efficiently by MeOH). This process photogenerates a RCQ:H cleanly, with yields of 96-95%, as confirmed by

reactive p-quinone methide (in its ground or excited state)

addition of authentic RCEH into the product mixture. No

capable of undergoing the remaining steps required for re|ea‘,~.,ereaction was observed if the solutions were not irradiated. There

of the protected functionality. The results offer a rational

approach for designing better phototriggers as well as giving
insight into the generality of water-assisted excited-state in-
tramolecular proton transfer of hydroxyaromatic ketones from
the singlet excited state in aqueous solution.

Results and Discussion

Product Studies.Studies reported by Givens and co-worRers
were restricted t@-hydroxyphenacyl phosphates and relatively

simple esters. For our mechanistic investigation, we have studied

the photosolvolytic rearrangements of compourned 6 which

o o)
OH O\[(CHa
ﬁ /@)\/ I
HO CH30
7 8
0 o)
/©)J\/OCOR OCOR
HO HO
9 R=CHj 13 R=CH;
10 R =CH,Ph 14 R =CH,Ph
11 R = tert-butyl 15 R = tert-butyl
12 R =C(OH)Phy 16 R =C(OH)Ph,

include the parenp-hydroxyphenacyl alcohof, the p-meth-
oxyphenacyl este8, and thep-hydroxyphenacyl estei8—12

(5) (a) Fischer, M.; Wan, PJ. Am. Chem. Sod 998 120 2680. (b)
Diao, L.; Yang, C.; Wan, PJ. Am. Chem. S0d.995 117, 5369. (c) Shi,
Y.; Wan, P.J. Chem. Soc., Chem. Commad®n97, 273.

was no evidence for the formation of radical-derived products,
which would be attributable to-8OCOR bond homolysis. Only
a trace £5%) of the photosolvolytic product was observed
for all of 9—12, even on quantitative conversion of starting
material. Preparative photolyses were carried ouBfand13
to enable isolation of the corresponding arylacetic acid products
3 and17, which were subsequently used for their identification
in the NMR photolysis runs. No change was observed in
conversion to products f& whether solutions were purged by
argon or oxygen. Preparative photolysis Dfalso gavep-
hydroxyphenylacetic acid, although the compound was about
40-fold less reactive than any 8f12. These observations argue
strongly against a mechanism involving initial-OCOR
homolysis. A different primary step must be operative.
Equally informative was the finding that, under the conditions
employed for the above compounds (in 1:404HCH3CN, <15
min irradiation), thep-methoxy compoun@ failed to give any
observable reaction (including simple photosolvolysis of the
acetate group or its photoreductiongtanethoxyacetophenone),
showing that the phenolic OH is required for reaction. This
observation also argues against a primary step involving simple
C—OCOR bond heterolysis (to form aracyl carbocation) as
the hydroxy and methoxy groups would be expected to have
very similar electronic effects in the excited state (as they do
in the ground state). We estimate that any reaction itk
0.02 would be detectable in our experiments, and therefore we

(6) (a) Pincock, J. AAcc. Chem. Red.997, 30, 43. (b) Pincock, J. A.
In CRC Handbook of Organic Photochemistry and Photobialétprspool,
W. M., Song, P.-S., Eds.; CRC Press: Boca Raton, FL, 1995; Chapter 32.
(c) Hilborn, J. W.; Pincock, J. AJ. Am. Chem. S0d.99], 113 2683. (d)
Hilborn, J. W.; MacKnight, E.; Pincock, J. A.; Wedge, PJJAm. Chem.
Soc.1994 116, 3337.

(7) Bockman, T. M.; Hubig, S. M.; Kochi, J. KI. Org. Chem1997,
62, 2210.



Rearrangement of p-Hydroxyphenacyl Esters

can rule out any substantial photochemistry 8in aqueous
CH3CN. However, we cannot completely rule out an inefficient
photoreduction or photosolvolytic rearrangement8ointerest-
ingly, Givens et aPf? have reported significant photosolvolytic
rearrangement and photoreduction flsmethoxyphenacy! di-

ethyl phosphate ester in organic solvents in contrast to the lack

of reactivity observed for oy--methoxy compoun®. The key
difference may lie in the different “leaving groups” employed,

J. Am. Chem. Soc., Vol. 121, No. 24 56299

gave the methyl estet8, although an approximately 5-fold

HO o

18

longer irradiation time was required to achieve the same extent

phosphate vs acetate, although a more comprehensive investigaof conversion as observed in 1:1,0+CHsCN. Thus, the

tion comparing the effects of these substituents is required.
Sheehan and Umezaf®areported that a number op-

presence of water in the solvent enhances the reaction, consistent
with a mechanism involving proton transfer as it is well-known

methoxyphenacyl esters including the benzoate were stable tothat ESPT from phenols is optimal in aqueous média.
irradiation in benzene but released the corresponding acid on The inference by Givens and co-worketdat the triplet

photolysis in dioxane or ethanol. Notably, addition of water to
these solutions decreased the vyield of cleavage. phe
methoxyphenacyl fragment was reduceg-tmethoxyacetophe-
none in the reaction. Although no quantum yields were

excited state is responsible for reaction in theseydroxy-
phenacyl systems was based on triplet quenching experiments
using sodium 2-naphthalenesulfonate. However, this compound
has considerable absorption to 320 nm, very much like the

measured, yields were as high as 96%. The mechanism propose@-hydroxyphenacyl chromophore itself, and this inner-filter

by the authors involves-cleavage from the triplet excited state,

to generate the radical pair, followed by reduction by the solvent.

However, the recent report from Banerjee and Falweguld

effect suggests that its use as a triplet quencher for study of
p-hydroxyphenacyl compounds is problematic. Triplet sensitiza-
tion is even more difficult as there appear to be no sensitizers

suggest that the mechanism probably involves initial hydrogen that have the required triplet enerdyr(acetophenoney 70—
abstraction by the carbonyl oxygen to generate a ketyl radical, 74 kcal moi)10 and absorb beyond 320 nm. As alternative

which subsequently fragments to the enol pimethoxy-

triplet quenchers that are transparent above 280 nm and therefore

acetophenone and the acyloxy radical, the latter then beingdo not compete for the excitation light in quenching studies,

reduced to give the corresponding carboxylic acid.
Anderson and Ree%ereported that a variety qf-hydroxy-

we have used sodium sorbatganspiperylene, and 1,3-
cyclohexadiene, the former two in 1:L,6CH3CN (<0.1 M

and p-methoxyphenacy! halides gave both rearranged and quencher) and the latter in 1:1@—THF (<0.1 M quencher).
photoreduced products on photolysis in alcohol solvent. Park All are conjugated dienes and have triplet energies arourd 50

and Given® also reported the rearranged produbt=£ 0.20)

in addition to the reduction product®( = 0.07) for p-
methoxyphenacyl diethyl phosphate on photolysis in MeOH.
In addition, it is well-knows¢® that on photolysis a large
number of simple arylacyl (phenacyl, naphthacyl) halides
undergoa-cleavage followed by a neophyl-like rearrangement

55 kcal mott1® They would be expected to quengh
hydroxyphenacyl (acetophenone) triplets at diffusion-controlled
rates. Reactions taken to partial conversion to avoid secondary
photolysis showed only a marginal decrease in yield in the
presence of these triplet quenchers (i.e., for pro@ucom 9,

from a yield of 40% at zero quencher to a yield of 35% at the

similar to that shown in Scheme 1, although in these cases, themaximum guencher concentration used). This small (_ﬂrop in yield
rearranged product is an acyl radical which reacts further (via of product can be accounted for by the slight opacity of these

decarbonylation).
The lack of reactivity displayed by themethoxy derivative

solutions at high quencher concentrations. The results indicate
that the reactive state has a lifetime much below 10 ns that is

8 observed in this work appears to be difficult to reconcile in Probably inconsistent with an acetophenone triplet state.
view of the above literature reports. However, Banerjee and Moreover, the suggested operation of an ESPT in the reaction
Falvey* have offered a new way to interpret the reactivity of from product studies is more consistent with a singlet-state
these compounds, viz., the importance of the solvent. In aqueougProcess:#:12 _ ) _
solution, p-hydroxy- and p-methoxyacetophenones probably Product Quantum Yields. Since essentially only one produ_ct
have lowest energy triplet configurations that are mostly’ is observeq for these reactions (eyen at lOO%lcon\./ersmn),
in characte’ making them much less reactive toward hydrogen guantum yields for product formation would be identical to
abstraction org-cleavage, steps that are necessary for the duantum yields for disappearance of substrate. The latter can
chemistry described above. Moreover, the organic cosolvent conveniently be measured by UWis spectroscopy, since traces
(CHLCN) used in our studies is a very poor hydrogen donor, for conversion of these compounds3¢or 17) showed a large
further prohibiting radical pathways. Therefore, the observed decrease in optical density at280 nm as the reaction
high reactivity of thep-hydroxy derivative9—16 in aqueous ~ Progressed (Figure 1). Using this technique, the absolute
solution strongly suggests that a completely different mechanism duantum yields for product formation®g) from 9 and 13
must be operative, viz., excited-state proton transfer (vide infra). Mmeasured at pH 7 (1:120—CH,CN; quoted pH is of the water
Irradiation of7 or 9 in 100% CHCN resulted in complete portion) were 0.41 and 0.36, respectively. Subsequently, quan-

recovery of the substrates. Upon addition of increasing amounts  (9) (a) Carmeli, I.; Huppert, D.; Tolbert, L. M.; Haubrich, J. Ehem.
of water to the CHCN solution, the compounds became Phys. Lett1996 260 109. (b) Tolbert, L M. Ha_ubrich, J. B. Am. Chem.
increasingly photosensitive, up to a plateau of reactivity 30C-1994 116 10539 () Yao, S. H.; Lee, J.; Robinson, G. W. Am.

. X Chem. Soc199Q 112 5698 (d) Lee, J.; Robinson, G. W.; Webb, S. P.;
observed at-35% HO (v/v). Photolysis 0B in 100% MeOH Philips, L. A.; Clark, J. HJ. EAr)n Chem. S0d.986 108 6538

(10) Murov, S. L.; Carmichael, I.; Hug, G. IHandbook of Photochem-
istry, 2nd ed.; M. Dekker: New York, 1993.

(11) (a) Vandenbelt, G. M.; Henrich, C.; Berg, S. G. Ahal. Chem.
1954 26, 726. (b) Bordwell, F. G.; Cooper, G. D. Am. Chem. S0d952
74, 1058.

(12) (a) Ireland, J. F.; Wyatt, P. A. Adv. Phys. Org. Cheml976 12,
131. (b) Vander Donckt, EProg. React. Kinetl97Q 5, 273. (c) Lahiri, S.
C. J. Sci. Ind. Res. (India)979 38, 492.

(8) (a) Sheehan, J. C.; Umezawa, X.Org. Chem1973 38, 3771. (b)
Anderson, J. C.; Reese, C. Betrahedron Lett1962 1. (c) McGlimpsey,
W. G.; Scaiano, J. CCan. J. Chem1988 66, 1474. (d) Brunton, G.; McBay,
H. C.; Ingold, K. U.J. Am. Chem. S0d977, 99, 4447. (e) Hall, M.; Chen,
L.; Pandit, C. R.; McGlimsey, W. G. Photochem. Photobiol. A997,
111, 27. (f) Turro, N. J.Modern Molecular Photochemisgryuniversity
Science Books: Mill Valley, CA, 1991; p 380.
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for phenols7 and9—16. In previous studies of reactions initiated
by water-mediated ESPT, we have obsePd€dhat direct
irradiation of the phenolate resulted in a higher quantum yield
of reaction. This was not observed for the compounds studied
here and indicates that simple proton transfer to solvent is not

(73 |

§ N sufficient to generate the required reactive intermediate. It might
= be expected that the excited phenolate itself (@*) could

_§ rearrange t@ and hence t8. This is not observed and suggests
< 03 that other deactivational pathways for the excited-state phenolate

dominate, such as electron ejection to the solvent shell (followed
v by its efficient return since no net chemistry was observed).
80 00 320 340 The strong possibility that the mechanism of photosolvolytic
rearrangement of these compounds involves ESPT prompted
us to measure the solvent isotope effect on reactio® fdr.1
H,O—CH3CN vs 1:1 BO—CH3CN). We observed essentially
no difference in the quantum yield$(H,0)/®(D,0) = 0.95
=+ 0.05), which was surprising since a substantial primary solvent
0.5 —r P T ] isotope effect on the quantum yield would be expected if
deprotonation is required in the reaction mechanism. However,
somé3abyery fast excited-state intramolecular proton transfers
. A (between oxygen and nitrogen) exhibit no observable deuterium
] isotope effect on rates of transfer, while otf&#$¢ (intermo-
03 L : o ] lecular and solvent-mediated intramolecular cases) have rate
[ ea differences up to 3-fold slower in4®. There appears to be no
& ‘ general expectation of what the solvent isotope effect should
02 [ ’ ‘ ‘j be in ESPT reactions, although Moog and Maron&€lhave
[ ' : proposed that the proton-transfer mechanism can be modeled
o1 Lt : _ v ] by a two-step process of initial solvent reorganization followed
. by the proton transfer. Systems in which proton transfer is very
i Ao fast, whereby the rate-determining step is solvent reorganization,
R S RN S S S would have small solvent isotope effects. Conversely, when
0 2 4 6 8 o 12 proton transfer is much slower than solvent reorganization,
pH substantial solvent isotope effects are expected. In addition,
Figure 2. ®, vs pH for formation of3 from 9 (triangles) and.7 from proton transfers which have very early (or very late) transition
13 (circles) in 1:1 HO—CHsCN (pH is of the aqueous portion). states would also be expected to exhibit a minimal deuterium
] isotope effect. Therefore, the lack of a solvent-related primary
tum yields at other pHs fof and 13 were measured bjH isotope effect in9 does not preclude ESPT in the reaction
NMR using the value at pH 7 as a secondary reference (Figure mechanism.

2). The UV-vis method was not used here because of the | 5qer Flash Photolysis and Mechanism of Reaction.

interference of phenolate produced at high pHs. The plots show nan6second laser flash photolysis (LFP, excimer laser, 308 nm,
that these compoun_d are unreactive below~H and abpve 10 ns,<30 mJ/pulse) of flowing solutions & in neat CHCN
pH ~ 12. Two titration curves are also apparent in this plot, (~1074 M, N, purged) gave a strong absorption Withay ~
one for the e>g:|ted state K¢S,) ~ 1) and one for the ground 380 nm, which disappeared when the solution was purged with
state (K(So) ~ 10.5). Although the latter value is in poor o, (Figure 3). The decay trace at 380 nm is single exponential
agre?[nent with the knowniq (~8) of p-hydroxyacetophe- it = 1.1 4s. We assign this transient to the triplet excited
none;" the discrepancy is readily accounted for by the presence gia16 ofg, This assignment is consistent with studies by Banerjee
of 50% CHCN in the solvent mixture, and was confirmed by 5 Fajvegand Scaiano and co-workéfsBanerjee and Falvdy
UV—vis titration of p-hydroxyacetophenone in 1:1.8— reported the triplet state WitAmax ~ 340 nm for phenacyl
CHsCN, which gave a measure&pvalue of~11. phenylacetate (which contains the parent acetophenone chro-
A number of control experiments were carried out to ensure mophore) in benzene. Scaiano and co-woeessigned a
that Figure 2 represented the true photochemical behavior of oncient observed dmax ~ 380 nm to the triplet state of
the compoqnds. For example! _control runs showed that, at thep-hydroxypropiophenone (in wet acetonitrile). Our own LFP
lower and h|gh§r pHs, no S|gn|f|can’66%) thermal hydrolysis studies ofp-hydroxyacetophenone in neat gEN gave an
took place during the time of the experiment (i21p 7), nor oxygen-quenchable transient at 360 nm assignable to its triplet
was there thermal conversion ® Product studies for the ¢ ¢n
reaction of7 in 1:1 H,O—CH3CN (although 40-fold less reactive LFP studies o in 1:1 HO—CH:CN (N, purged) gave a

thang) gave a pH plot that closely resembled that in Figure 2. new, strong absorption at 330 nm in addition to the weaker 380

in :[rhheer(i:tg'g; %geucrﬁai'2trrr10n19rlwyss'tslg(?oenssf'gt]§:1 tES';Tt;]SZaI?\t/r(;Ithe)g nm absorption. Oxygen quenched the 380 nm transient but had
: : ISm. This | ! Wi Itrati essentially no effect on the one at 330 nm (Figure 4). This

curve observed over the pH range®, i.e., within the range
of many known [K(S;) values'? The titration curve observed (13) (a) Schwartz, B. J.; Peteanu, L. A.; Harris, C.JBPhys. Chem.
at pH 10-12 indicates that excitation of the phenolate form 1992 96, 3591. (b) Frey, W.; Laermer, F.; ElsaesserJTPhys. Chem.
does not result in reaction (or that it is much less reactive). Theseiggég%’ 10391. (c) Moog, R. S.; Maroncelli, M. Phys. Cherrl991, 95,
results are consistent with the fact ti&is not reactive (lacks (14) Das, P. K.; Encinas, M. V.; Scaiano, J.CAm. Chem. Sod.981,

phenol) and that an aqueous medium is optimal for reaction 103 4154.

1.

240

PR
260
Wavelength (nm)

Figure 1. UV —uvis traces for the conversion 8fto 3 on photolysis at
300 nm (in 1:1 HO—CHsCN; argon purged). Each trace represents
about 1 min of photolysis time.
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Figure 3. Transient absorption observed on LFP of neat;:CN

solutions of9 purged by N (circles) and @ (squares). droxyxanthone Z2), both of which are alsop-hydroxy-

0.06 — : - e —— substituted ketones, undergo excited-state (formal) intramolec-
s - ular proton transfer (ESIPT) viaSassisted by solvent MeOH,
0.05 - oer E to form the corresponding-QMs (e.g.,23) and their conjugate
004 F \ 5 ooss ] bases (e.g24) (eq 2), both of which have essentially the same
@01 '&W - i‘
0.03 © 0.005 o] "’ﬁ%» N (0]
< o2 NS m
< 3 ] HO 0" >ph
0.01 [ 1 21
0 ; A o] OH o
| | o (1) @
+
-0.01 ] o on MeOH o 5 o o
0.02 —r : : 22 23 24
280 300 320 340 360 380 400 420
_ _ Wavelength (nm) absorption spectra. LFP studies of theteli-butyl derivative
Figure 4. Transient absorption observed on LFPSin 1:1 HO— 13 gave results similar to those fér(new transient at 360 nm),
CH:CN (G, purged). Decay trace taken at 400 ns intervals (inset: jndicating that a parallel mechanism is operative for theedi-
biexponential decay with a major componenti@f= 6.3 x 10° s butyl compounds. The 30 nm red shift observed for the

and minor component oks = 1.8 x 10° s™3). Initial decay taken

immediately after the pulse. correspondingp-QM is consistent with the presence of two

electron-donatingert-butyl groups.
indicates that the triplet state is not responsible for the 330 nm LFP of p-hydroxyacetophenone in aqueous £l gave
transient. At pH 7, the observed decay is best fitted to the sum essentially the same 330 nm transient as observed9for
of two single exponential decays, with a major component Moreover, the transient decays with the same kinetics (sum of
(~70%, assuming identical extinction coefficients for the two two first-order decays) with similar rate constants. The lack of
species at this wavelengthy(= 6.3 x 1° s™1) and a minor a large difference in the rate constants of decay is inconsistent
component £30%) kg = 1.8 x 10° s71) assignable to two  with the phototautomet9 being responsible for reaction. Since
species with very similar UV absorptions. Kinetic studies at many simple excited-state proton transfers are adiabitids
other pHs showed that the proportion of the longer-lived species possible that a significant proportion of the reactiowccurs
increased with increasing pH and that it is not observed below from photoexcitedl9 (i.e., 19*). Such a species would have
pH 6, suggesting that these two species are related by athe required energetics for rearranging to a more strained (but
prototropic equilibrium (although equilibrium is probably not ground stated (Scheme 2). Future experiments using two-laser/
established under our conditions). This is substantiated by rateswo-color LFP are planned to investigate this intriguing pos-
of decay measured in£, which were about 2-fold slower for  sibility. Another mechanistic possibility which we cannot rule
both species. out with our data is a concerted deprotonation of the phenolic
We assign the shorter-lived componenpt®M 19 and the proton and loss of acetate ion fro®, via transition stat@5,
longer-lived component to its conjugate base, enolate/phenolateto generatés directly.
20, the latter shown to be unreactive with respect to givdng

(vide supra) (Scheme 2). SimpteQMs are known to absorb o ¥
in the 306-350 nm regiof® with rates of decay unaffected by 8t 8 =
oxygen?® Authentic 20 (generated by dissolving in aqueous H- ‘OM _OAc }
base) hagmax= 330 nm. Moreover, Itoh and co-workéthave 5 &
shown by LFP studies that 7-hydroxyflavor@l) and 3-hy- 25
(15) (a) Filar, L.; Winstein, STetrahedron Lett196Q 25, 9. (b) Leary, (16) (a) Mukaihata, H.; Nakagawa, T.; Kohtani, S.; Itoh,MAm. Chem.
G. J. Chem. Soc., Perkin Trans. 1972 640. (c) Leary, G.; Miller, |; Soc.1994 116, 10612. (b) Itoh, M.; Adachi, TJ. Am. Chem. S0d.984

Thomas, W.; Woolhouse, Al. Chem. Soc., Perkin Trans.1®77 1737. 106, 4320.
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Plots of transient absorption intensitfA4) at 330 nm for9 60 }W - . ﬂ
and at 360 nm foll3 vs pH support the involvement of ESIPT - : .

(Figure 5). Significant permanent bleaching of the phenolate sol *° : 1
was observed above pH 10, making\ measurements prob-
lematic above this pH. This is presumably due to irreversible
photoionization of the phenolate ion, which is only significant
under laser photolysis and not in product studies where low-
intensity lamps were used. We do not completely understand
the “sigmoid” behavior observed in the plots (Figure 5) in the
pH 8—10 region. This is made more complex by the fact that 20r
1:1 HLO—CHsCN was used as the solvent. As noted earlier, L :
the apparent g, value observed in this solvent is about 3 log 10 F SR : : i
units higher than that measured in wholly agueous medium. : (2)
Thus, the sigmoid behavior observed in the pH18 region 0 i b i - ! S
suggests a prototropic equilibrium with &jpvalue of about 0 2 4 6 8 10
5—7 in wholly agueous medium, which is not unreasonable for pH
the deprotonation of the enolic proton 8. Formation of19 S S
via ESIPT is presumably operative throughout the plateau region f ;
(pH 4—9) observed in these plots. The progressive decrease in 20 - :
AA observed forl3 as the pH decreases from 4 to 1 is further ;
evidence that an ESIPT process is taking place as this is in the [
region of many known I§(S;) values of phenol&? 5

Beginning at pH 2 fo® and at pH 1 forl3, the intensity of '
transient signals observed for bddhand 13 increases as the
pH is lowered further (Figure 5). The decays of these transients
at low pH are single exponential witfq ~ 107 s1 (lifetime of
about 100 ns), consistent with a single and more reactive species
than the proposed-QMs observed at higher pH. We propose ;— .
that the species observed at low pH are cationic species L % e
generated via initial photoprotonation of the carbonyl (i26., 0 L i | L |

0 2 4 6 8 10
OH *OH pH

\_OAc OAc Figure 5. (a) AA vs pH observed on LFP & monitored at 330 nm.
o (b) AA vs pH observed on LFP df3 monitored at 360 nm (both in

2 HO 1:1 H,O—CH;CN; O, purged).

40 .

30? S S e . . ',,,_

AA0)

(b) .

AA10T

from 9). A number of benzylic carbocations have been photo- ESPT) are much more prevalent and essential for some
generated by McClelland et &f. who showed that they have ~ Photoreactions. With respect to applications as a phototrigger,
absorption maxima at320—-360 nm. Thelma of the parent the limiting rate for release of the carboxylate is determined by
protonated acetophenone (generated in concentra®@yis the rate of reaction af9* to 6 (or 9* to 25), which is expected

at 335 nm. However, our observed lifetime of about 100 ns in t0 be very fast¥10° s™) due to the fact that both of these are
aqueous solution seems to be too long for it to be a simple Photochemical steps.

carbocation of the typ26. We suggest that the species observed ] )

is derived from subsequent reaction26fsuch as electrophilic ~ Experimental Section

attack on unreacted substrate or possibly deprotonation of the  General ProceduresH NMR spectra were determined on a JEOL

phenolic proton to generatd. However, as these species are Fx90Q, Bruker AM 400, or Bruker WM 300 instrument. Silica gel
not directly relevant to the mechanism of interest, we have not (Merck type 9385) was used for flash chromatography. Low-resolution

pursued these assignments in detail. mass spectra (MS) were taken on a Finnigan 3300 (CI). High-resolution
mass spectra were determined on a VG ZAB or Kratos Concept H
Summary (El) mass spectrometer. Microanalyses were performed by MEDAC

. . . Ltd., Brunel University, Uxbridge, U.K. Preparative photolyses were
The results presented above are consistent with a mechanismyried out in 100 mL quartz tubes in a Rayonet RPR 100 photochemical

of reaction (via the singlet eXCi_ted_State) _inVOlVing ES”_DT O reactor equipped with 300 nm lamps. IR spectra were recorded on a
ESPT as a necessary step which is mediated most efficientlyBruker IFS25 FTIR spectrometer using a KBr pellet for solid samples.
by water. The fact that the dért-butyl derivatives reacted with UV —vis spectra were obtained on a Varian Cary 5 spectrophotometer.

guantum yields very similar to those of the parpriydroxy- Melting points (uncorrected) were determined on a Koefler hot stage
phenacyl systems implies that the ESIPT (ESPT) process is notmicroscope. Organic solvents were commercially available ACS grades
hampered by the steric bulk of the twtert-butyl groups. and used as received, except that:CN was dried over Cai{reflux)

Literature precedent for the proposed long-range ESIPT is when required and THF was dried by distillation over sodium. Aqueous
available in Itoh’s studi€§ of 21 and22, as well as our recently solutions of the appropriate pH were prepared by diluting aqueous

. - H.SO, or NaOH stock and used immediately after measurement of their
reported example involving hydroxystyrerfésThe present pH on a pH meter.

results suggest that these types of solvent-mediated ESIPT (0r ;4 terials. 2-(4-Hydroxyphenyl)-2-oxoethyl Acetate (9).0n the

(17) (@) McClelland, R. A.; Kanagasabapathy, V. M.; Steenkenl. S. basis of the method of Alexander et ®8.a stirred solution of
Am. Chem. Sod 988 110, 6913. (b) McClelland, R. A.; Chan, C.; Cozens, ~ p-hydroxyphenacyl chloridé (10.0 g, 58.7 mmol) and glacial HOAc
F.; Modro, A.; Steenken, $\ngew. Chem., Int. Ed. Engl991, 30, 1337. (7.7 mL, 134 mmol) in dry MeCN (200 mL) cooled in an ice bath was
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treated dropwise with BN (17.2 mL, 123 mmol) over 15 min and (MeOH) to give13 (0.96 g, 79%), mp 103105 °C (lit.2* mp 103-
then refluxed for 3 h. The reaction mixture was diluted with ether and 105 °C).
washed with aqueous HCI, water, and brine, dried, and evaporated. 2-(3,5-Ditert-butyl-4-hydroxyphenyl)-2-oxoethyl 2-Phenylethan-
Crystallization from HO gave9 (5.7 g, 50%), mp 133C (lit.?° mp oate (14).Compoundl4 was prepared as fdr3and the crude product
133°C). flash chromatographed [EtOAdexanes (14:86)] and crystallized
2-(4-Hydroxyphenyl)-2-oxoethanol (7) A solution of9 (1.5 g, 7.7 (EtOAc—hexanes) to afford a 58% yield: mp €83.5°C; 'H NMR
mmol) in MeOH (33 mL) and 0.5 M aqueous NaOH (33 mL) was © (90 MHz, CDCE) 1.43 (18H, s), 3.80 (2H, s), 5.30 (2H, s), 5.75
stirred at room temperature for 15 min and then acidified with aqueous (1H: 8): 7.31 (SH, s), 7.75 (2H, s). Caled fop3004: C, 75.36; H,
HCI, and most of the MeOH was evaporated. The residue was extracted’-91- Found: C, 75.64; H, 8.01. ,
with EtOAc, and the organic phase was washed with land brine, 2-(3,5-Ditert-butyl-4-hydroxyphenyl)-2-oxoethyl 2,2-Dimethyl-
dried, and evaporated. The residue crystallized frog® ltb give 7 propanoate (15). Compoundl5was prepared as fdr3 and the crude
(0.79 g, 67%), mp 173C (lit? mp 170-172 °C). Under these product flash chromatographed [EtOAkexanes (7:93)] and crystal-

conditions there was no evidence of a high-melting product as described!izéd (EtOAc-hexanes) to afford a 70% yield: mp 13435.5°C; 'H
previously?: NMR 6 (90 MHz, CDCE) 1.30 (9H, s), 1.45 (18H, s), 5.29 (2H, s),

5.76 (1H, s), 7.78 (2H, s). Calcd for.(13,04: C, 72.38; H, 9.26.
2-(4-Hydroxyphenyl)-2-oxoethyl Phenylacetate (10)Compound Found: C. 72.16: H. 9.40.

10was prepared as described fympurified by flash chromatography 2-(3,5-Ditert-butyl-4-hydroxyphenyl)-2-oxoethyl 2,2-Diphenyl-

[EtOAc—hexanes (2:3)], and crystallized (EtOAbexanes): mp 106 2-hydroxyacetate (16).Compound16 was prepared as fat3 and
107 °C; *H NMR ¢ [90 MHz; CDCk—CD;0D (9:1)] 3.80 (2H, s), crystallized (EtOAe-hexanes) to afford a 69% yield: mp 15152
5.30 (2H, s), 6.82 (2H, dJ, = 9 Hz), 7.31 (5H, s), 7.77 (2H, d, = °C; *H NMR ¢ (90 MHz, CDC}) 1.45 (18H, s), 4.16 (1H, br s), 5.43
9 HZ). Calcd for Q6H1404: C, 71.10; H, 5.22. Found: C, 7092, H, (ZH, S)l 5.80 (lH, S), 7.247.68 (10H, m), 7.76 (ZH, S). Calcd for
5.21. CagHsdOs: C, 75.92; H, 7.22. Found: C, 75.84; H, 7.23.
2-(4-Hydroxyphenyl)-2-oxoethyl 2,2-Dimethylpropanoate(11): Product Studies. Preparative photolyses were carried out with

mp 178.5°C (EtOAc—hexanes)H NMR 6 [90 MHz; CDCk—CD;0OD samples (26100 mg) dissolved in the appropriate solvent-4@0
(9:1)] 1.29 (9H, s), 5.25 (2H, s), 6.84 (2H, 8,= 9 Hz), 7.78 (2H, d, mL) and transferred to a quartz tube. The solution was irradiated at
b = 9 Hz). Calcd for GsH1604: C, 66.08; H, 6.82. Found: C, 65.75; 300 nm with continuous cooling (by a coldfinger) and purging by a
H, 6.78. stream of argon for approximately 15 min before and continuously
during irradiation (via a long stainless steel needle). Photolysis times
ranged from 3 to 30 min, depending on the conversion desired, the
acid (2.28 g, 10 mmol) in water (10 mL) to adjust the pH to 6.7. efficiency of the reaction, and the size of the sample. After photolysis,

p-Hydroxyphenacyl chloride (0.85 g, 5.0 mmol) and sodium iodide aqueous samples were worked up by extractiop with@Hafter
(0.15 g, 1.0 mmol) were added, and the mixture was refluxed for 3.5 addition of NaCl. Direct evaporation of the organic solvent was used

h. The cooled mixture was extracted with ether, and the organic extractWhen samples were i_rradiated in wholl_y organic sc_)lvents. .
was washed with water, 250 mM pH 5.5 NaOAc buffer, and brine, Analytl_cal photolysis runs were carried out by dlrect photoly5|s of
dried, and evaporated. Flash chromatography [EtS#exanes (2:3)]  Samples in NMR tubes. A solution was made by dissolvirg2ng

gave 12 as an amorphous solid (from hexanes) (0.69 g, 38%): mp of substrate in~2 mL of 1:_1 D,O—CDsCN. The solution was then _
155-156°C; 'H NMR 6 [90 MHz; CDCk—CDsOD (9:1)] 2.88 (1H, purged by argon for 10 min, and transferred to an NMR tube. This
s), 5.39 (2H, s), 6.82 (2H, dl, = 9 Hz), 7.19-7.66 (10H, m), 7.77 NMR tube was subsequently placed in the middle of a Rayonet RPR

2-(4-Hydroxyphenyl)-2-oxoethyl 2,2-Diphenyl-2-hydroxyacetate
(12). Aqueous NaOH (1 M) was added to a suspension of benzilic

(2H, d,Jo = 9 Hz); FAB-MS, m/e (M + Na)* calcd for G;H1sOs + ;00 photochemical reactor and irradiated at 300 nm. An internal fa_m
Na 385.1040, found 385.1052. in the re_act_or was used to cool the sample durl_ng the photolysis.
] ] Photolysis times ranged from 1 to 10 min, depending on the number
2-Bromo-1-(3,5-ditert-butyl-4-hydroxyphenyl)ethanone. This com- of lamps used, the conversion desired, the efficiency of the reaction,
pound was obtained by a modified procedure of Karhunen.€tAl and the size of the samplid NMR spectra were taken directly after
solution of 1-(3,5-ditert-butyl-4-hydroxyphenyl)ethanofe(10.0 g, the photolysis without further treatment. Typical experiments are

40.32 mmol) in EtOH (350 mL) was treated with bromine (2.6 mL, described below.
50.4 mmol) in one portion, and nitrogen was bubbled continuously Photolysis of 9 in 1:1 HO—CHCN. Compound9 (20 mg) was
into the stirred mjxture. After 30 min the nitrogen flow aﬂd stirring  gissolved in 1:1 HO—CH4CN (40 mL), and the solution was irradiated
rate were both increased. After a furthg h the solution was  for 3 min by eight lamps using the procedure for preparative photolysis.
concentrated te-50 mL and kept overnight at 4C. The title bromide After workup and evaporation of the solvertd NMR of the
(9.56 g, 73%) was filtered and dried: mp 107H08.5°C (from photolyzate showed that conversion to photoprodustas 40% (the
hexanes)H NMR 6 (90 MHz; CDCE) 1.44 (18H, s), 437 (2H, S),  remaining was starting materid). Separation by preparative TLC
5.82 (1H, s), 7.87 (2H, s). Calcd fori1,3BrO,: C, 58.72; H, 7.08. (silica, 10:1 CHCIl,—EtOAc) gave the pure photoprodupthydroxy-
Found: C, 58.48; H, 6.98. phenylacetic acid3). Conversion was 9995% when a sample was
2-(3,5-Ditert-butyl-4-hydroxyphenyl)-2-oxoethyl Acetate (13)On photolyzed for 10 mintH NMR 6 ((CDs)2CO) 3.48 (2H, s), 6.76 (2H,
the basis of the method of Park and Givéha,solution of 2-bromo- d,J=9Hz), 7.10 (2H, dJ = 9 Hz); mp 148-150°C (lit.> mp 149-
1-(3,5-ditert-butyl-4-hydroxyphenyl)ethanone (1.31 g, 4.0 mmol) and 151 °C); MS (Cl) m/z 153 (M* + 1). Compound was also studied
glacial HOAc (0.3 mL, 5.2 mmol) in dry toluene (52 mL) was cooled by the procedure for analytical runs, as fi—12 (see below).
to 0°C, and DBU (0.78 mL, 5.2 mmol) was added in one portion. The Photolysis of 9 in CHOH. Using the procedure for preparative
solution was stirred in ice fol h and then overnight at room  photolyses, solutions & (20 mg) dissolved in neat GAH (40 mL)
temperature and diluted with £. The solution was washed with@ were irradiated by eight lamps for 15 min. Conversion to methyl
and brine, dried, and evaporated, and the residue was crystallizedp-hydroxyphenylacetate was 40%, which was separated by preparative
TLC (silica, 2:1 hexanesEtOAc): *H NMR ¢ ((CDs),CO) 3.48 (2H,
s), 3.61 (3H, s), 6.0 (1H, s, exchangeable wittO 6.76 (2H, dJ =

(18) Alexander, J.; Renyer, M. L.; Veerapanane,3ynth. Commun.

1995 25, 3875. 9 Hz), 7.10 (2H, dJ = 9 Hz); this spectrum is identical to that reported
(19) Winterhalder, L. US Patent 2 838 57Ghem. Abstr.1958 52, for the authentic sampR&;mp 55-56 °C (lit.?> mp 59°C); MS (Cl)
16301. miz 167 (M* + 1).
(20) Robertson, A.; Robinson, R. Chem. Soc1928 1460.
(21) Tedder, J. M.; Theaker, @. Chem. Socl1959 257. (24) Engelhardt, M.; Fruhstorfer, W.; Hesse, R.; Dennler, B.; Baumer,
(22) Karhunen, P.; Rummakko, P.; Pajunen, A.; BrunowJGChem. W. German Patent 1 811 32€hem. Abstr197Q 73, 55826.
Soc., Perkin Trans. 1996 2303. (25) Pouchert, C. J.; Behnke, The Aldrich Library of13C and'H FT
(23) Matsuura, T.; Nishinaga, A.; Cahnmann, H3.JOrg. Chem1962 NMR SpectraEdition I; Aldrich Chemical Co.: Milwaukee, WI, 1993;

27, 3620. Vol. 2.
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Photolysis of 16-12. These esters were studied only in analytical
runs. A solution of10 (2.5 mg) dissolved in 1:1 fD—CDs;CN (1.6
mL) was irradiated for 10 min. Conversion to photoprod8civas
~95%. The!H NMR of the photolyzate showed a 1:1 mixture ®f
and phenylacetic acid(3.95 (2H, s), 7.6 (5H, m)) and a trace §%)
of 7. The presence of both phenylacetic acid @wlas confirmed by
addition of authentic samples into the photolyzed mixture, which

Zhang et al.

bench utilizing an Oriel 200 W Hg-arc lamp in conjunction with an
Applied Physics monochromator set at 254 nm with 4 nm slits.
Solutions were irradiated at ambient temperature and purged with argon.
Before and immediately after photolysis, the UVis absorption was
measured at the monitoring wavelengthdy) and the conversions were
kept below 20% to avoid the interference from the photoproduct. The
extinction coefficients in 1:1 BD—CHsCN are 15 700 M* cm™ for

enhanced the readily assignable methylene protons of these substrate€ at 279 NM 4mor) and 8400 M* cm™! for 13 at 284 nm fmon). The

Estersl1and12were studied in the same way. In each case, conversion
to the photoproduc3 was ~95%. The'H NMR spectra of the
photolyzates showed (fdrl) a 1:1 mixture of3 and pivalic acid, which

has a distinctive singlet at 1.52 (9H), or forl2 a 1:1 mixture of3

and benzilic acidq 7.8, 10H, m). Addition of authentic pivalic or
benzilic acid as appropriate confirmed the identifications, by enhance-
ment of the specific signals noted above.

Photolysis of 13 in HO—CH3CN. Using the procedure for
preparative photolysis, solutions of compoub® (30 mg) dissolved
in 1:1 HLO—CHsCN (40 mL) were photolyzed for 3 min. Conversion
to pure photoproduct7 was 36% as indicated byH NMR of the
photolyzate. Photolysis for 10 min gave photoprodLicivith ~95%
conversion. Purdl7 was obtained by preparative TLC (silica, 10:1
CH.Cl,—EtOAc): *H NMR 6 ((CDs3),CO) 1.40 (18H, s), 3.48 (2H, s),
6.0 (1H, s, exchangeable with,0), 7.10 (2H, s); mp 153153 °C
(lit.26mp 154-156°C); IR (cnm?) 3630, 2958, 1698, 1432, 1309, 1233;
MS (Cl) m/z 265 (Mt + 1); HRMS (El), calcd for GeH403 264.1725,
found 264.1726. CompouritB was also studied by the procedure for
analytical runs which showed essentially quantitative conversid to
and acetic acid.

Photolysis of 14-16. In addition to preparative runs, these esters
were also studied in analytical runs. Solutions of substrate (3 mg)
dissolved in 1:1 BO—CDsCN (1.6 mL) were irradiated for 10 min.
Conversion to photoprodudf was~90—95% for each. ThéH NMR
(D,0—CD3sCN) of photolyzates showed a 1:1 mixture bf and the
appropriate carboxylic acid. The latter was confirmed by addition of
an authentic sample of the acid, as described for ed@+rd 2.

Quantum Yield Measurements.Absolute product quantum yields
(dp) were measured in 3.0 mL Suprasil quartz cuvettes on an optical

(26) Reiker, A.; Kaufmann, H.; Bruck, D.; Workman, R.; Muller, E.
Tetrahedron1968 24, 103.

light intensity was determined by using potassium ferrioxalate as a
chemical actinometéf.UV traces reported in Figure 1 were obtained
by photolysis of solutions in UV cuvettes using a merry-go-round
apparatus placed inside a Rayonet reactor (300 nm lamps).

Triplet Quenching Experiments. Compound9 was photolyzed
under identical conditions described above for product studies (prepara-
tive photolysis), but with an added triplet quencher in the solutions.
Experiments with sodium sorbatetoans-piperylene as quenchers were
performed in 1:1 HO—CH;CN, and 1:1 HO—THF was used when
the triplet quencher was 1,3-cyclohexadiene because of its poor
solubility in 1:1 HLO—CHCN. The concentration used for all these
triplet quenchers was 0.6D.1 M. Conversions t@ were measured
by *H NMR (on the photolyzate) and compared to those of runs without
triplet quencher.

Laser Flash Photolysis A Spectra-Physics excimer laser (308 nm,
~10 ns, <30 mJ/pulse) was used for excitation, and signals were
digitized with a Tektronix TDS 520 recorder. Samples of 8.3 at
308 nm were prepared and irradiated in quartz cells. Static cells were
used for the kinetic studies of samples, and flow cells for all other
studies. Samples in flow cells were continuously purged with a stream
of N or O,. Samples in static cells were purged with & O, and
then sealed prior to photolysis.
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