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Abstract

Evidence is presented that shpsydroxyphenyl ketone&-8 undergo excited state intramolecular proton transfer (ESIPT, via the singlet
excited state), mediated by water, which formally transfers the phenol proton to the carbonyl oxygen of the ketone. ESIPT was not observed
neat CHCN. The ESIPT process in aqueous media generates the corresppitgliimpne methide8-11 (and the corresponding conjugate
bases (phenolate ions2-14), as detected by laser flash photolysis (LFP). It competes effectively with intersystem crossing to the excited
triplet state. The respectivemethoxyphenyl ketonekb and16 failed to undergo the reaction consistent with the expected lack of proton
transferin these systems. Results for the biphenyl ke@émdicate that formal ESIPT can also take place over an extended range, suggesting
that the process is likely general for pthydroxyaromatic ketones which opens up the possibility for designing photoswitchable processes
based on this general phenomenon. ©2000 Elsevier Science S.A. All rights reserved.
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1. Introduction These studies also showed the photogeneration of the respec-
tive anions, formed by excited state proton transfer (ESPT)
It is well-known that phenols are much more acidic in the to solvent (Eq. (1)).
excited singlet state than in the ground state while aromatic More recently our group has demonstrated the occurrence
ketones are much more basic (in the singlet excited state)of formal ESIPT between a phenol and an alkene in two
[1-3]. Excited state intramolecular proton transfer (ESIPT) m-hydroxystyrenest and5, to yield the respective photo-
occurs due to an enhancement in the acidity and basicity, hydrated products [10,11], via the intermediacynefQMs
respectively, of two functional groups on the same chro- (Eg. (2)). The process also takes places forgfisomer of
mophore. The close proximity of the phenol and the ketone 4. This study has shown that due to the relatively large sep-
in o-hydroxy aromatic ketones leads to an ESIPT process aration between the two functional groups undergoing in-
which has been the subject of extensive study and reviewtramolecular proton transfer, the process requires the medi-
[1,2]. The energy wasting back proton transfer in these sys-ation of several molecules of water. Whether the mediation
tems is very efficient, and as such, many molecules of this takes place in a concerted or step-wise manner is open to
type have been used as photostabilizers as well as in sundebate and further study.
blocks [1,2]. The ESIPT process in the respectiveand Extensive LFP studies have also been conducted on
p-isomers has received much less attention. Wolbeis et al.p-hydroxybenzophenon&) by several groups [12-16], in
[4,5] employed extensive fluorescence measurements in so-order to characterize its triplet excited state in various sol-
lutions of varying pH’s to suggest the formation of photogen- vents. All of these studies report the formation of the ben-
erated quinone methides (QMs) of 3-hydroxyxanthohle ( zophenone phenolate (albeit only as a weak transient) via
and 7-hydroxyflavone?]. Itoh et al. [6-9] have undertaken the singlet state upon excitation in protic solvents. However,
studies using two-step laser excitation fluorescence and laseno mention has been made of the possibility of photogen-
flash photolysis (LFP) to demonstrate the formation of the erating the respective-QM under these conditions.
QMs from1 and2 as well as from 7-hydroxyisoflavon8)( As part of our continuing work on photogenerating QMs,
our studies have recently focused on the mechanism of pho-
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During the course of this work it was hypothesized that ((CDs3)>CO)) § 6.98 (d, 2H,J=7Hz, ArH), 7.5-7.7 (m,
ESIPT (from the phenol to the ketone) played a fundamental 5H), 7.8—7.9 (m, 6H), 8.6 (s, 1H, ArOH); HRMS calc. for
role in the deprotection mechanism. Based upon these re-C1gH402, 274.0993, obs. 274.0990.
sults and the previous studies by Wolfbeis et al. [4,5] and
Itoh et al. [6-9] mentioned above, we decided to test the 2 2 5 (4-Methoxyphenyl)benzophenorig)
generality of ESIPT irp-hydroxyphenyl ketones by study- Crushed KOH (0.4g, 7.1 mmol) was added to 50ml of
ing p-hydroxyketoness-8. Although most of the previous  pmsQ in a 250 ml round-bottom flask. To this was added
studies [4-9] relied heavily on fluorescence measurements,300 mg (1.1 mmol) 08 and 0.31 g (2.2 mmol) of methyl io-
all of 6-8 were essentially non-fluorescent (very high inter- gide. After stirring for 45 min, the solution turned into a pale
system crossing yields), and as such the anticipated ESIPTye|iow colour. The reaction was then quenched with 50 ml
process must by studied by other methods. We show heregf H,0, at which point a white solid appeared in solution.
that LFP of6-8 leads to the generation of the respective Thjs was then extracted twice with 75 ml of GEl,. The
P-QMs and the corresponding phenolate ion thus provid- grganic layer was washed four times with 50 ml ofito
ing additional evidence that long-range ESIPT via the sin- remove any residual DMSO, dried with Mgg@nd the sol-
glet state inp-hydroxyketones is indeed a general process. yent removed. The produt was isolated as a pale yellow
The observation that it competes effectively with intersys- ggjid in 92% yield and was then recrystallized from 95%
tem crossing suggests that it is an efficient process. ethanol, yield 0.29g (92%): m.p. 169.5-1725H NMR
((CD3)2C0))5 3.86 (s, 3H, OCH), 7.07 (d, 2H)=10.3 Hz,
ArH), 7.5-7.9 (m, 11H, ArH); mass spectrum (CI) 289
2. Experimental details (M* 41).

2.1. General 2.3. Laser flash photolysis (LFP)

1
H NMR spectra were recorded on a Bruker AC-300 A yransient spectra and lifetimes were obtained using
(300 MHz) instrument. Melting points were obtained using a 4., excimer laser (Lumonicss5 mJ, 308 nm) with a pulse

Koefler hot stage microscope and are uncorrected. THF wasyiqth of ~10 ns. Samples of OB 0.3 at 308 nm were pre-
dried over Na and distilled before use. Qhemlcal |9n|zat|on pared and irradiated in quartz cells. Flow cells were used for
mass spectra were measured on a Finnigan 3300 instrument,e s while static cells were used for some lifetime mea-
and high resolution mass spectra were taken using a Kratosy,,ements. All solutions were purged with b O, before

Concept H (El mode). irradiation. Due to the long lifetimes of the slow decays, it
was not possible to obtain a trace that returned to baseline.

2.2. Materials However, the lifetimes reported for the,@/D,O experi-
ments are the average of several trials, all of which were

Ketones6, 7, 15 and 16 were purchased from Aldrich;  within 10% of each other.
ketonest and7 were recrystallized before use. All ketones
were of >98% purity.

3. Results and discussion
2.2.1. (4-Hydroxyphenyl)benzophenor® (

Phenyl magnesium bromide was prepared by adding LFP of6 (1:1 HyO-CH3CN, N> purged) yielded strong,
23.2ml of PhBr (Aldrich, 220 mmol) dropwise via a syringe long-lived transients at 330 nm (fitted to a sum of two sin-
to 6.8 g of clean Mg turnings (280 mmol) in 100 ml of dry gle exponential decays) and a shorter lived transient at 340,
THF under N at °C and allowing the solution to warm to 400 and 510 nm. The bands at 340, 400 and 510 nm have a
room temperature. After formation of the Grignard reagent lifetime of 700 ns under ppurged conditions but disappear
the solution was then transferred into a clean, dry three-neckunder Q purged conditions and thus are attributed to the
flask purged with M. 4-hydroxy-4-biphenylcarbonitrile  triplet state of6. This is consistent with work by Banjaree
(Aldrich, 159, 77 mmol) in 75ml of THF was then added and Falvey [18] who assigned the triplet state of phenacyl
dropwise and allowed to stir for 3h under gentle reflux. phenylacetate (which has a similar chromophore) in benzene
During this time, a white solid formed, which was filtered, at 340 nm. Similarly, Scaiano and co-workers [19] assigned
dissolved in ethanol, and poured into a 250 ml round-bottom the triplet state op-hydroxypropiophenone (in wet GEN)
flask. To this flask was added 50 ml of 10% HCI, and the to atransient at 380 nnt & 1.1u.s). The 330 nm signal was
mixture was allowed to reflux for 3h. At the end of the notobservedin neat JEN; but upon addition of water, the
reflux a pale yellow crystalline solid had formed which signal grew inintensity. In 1: 1 $0-CH3CN, the decay con-
was filtered and dried on the vacuum pump and shown to sisted of a sum of two single exponentiats<1 and 1Qus)
be compound8. This was then recrystallized from 95% which was unchanged undep @nd therefore assignable as
EtOH, yield 20.1g (95%); m.p. 200-203; 'H NMR arising from the singlet excited state (Figs. 1-3).
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Fig. 1. LFP spectra of transients observed gdrydroxyacetophenon&y
in 1:1 HpO-CH3CN. Triangles: @ Purged; Circles: N Purged.

LFP of 7 as above (N purged) yielded a transient which
is best fitted to the sum of two single exponentials with life-
times of~3 and 65us, both at 350 nm (Fig. 2). These signals
remain unchanged under,@urged conditions, and hence
are attributable to intermediates arising from the singlet ex-
cited state. No signals were observed in neagCMN (under
0O2). The fact that this transient remains at essentially the
same intensity under bothoNand @ purged conditions is
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Fig. 2. LFP spectra of transients observed 6oftriangles),7 (circles)
and8 (squares) in 1:1 bD-CH3CN, O, purged. The bleaching of signal

seen in the spectra at shorter wavelengths is attributed to the decreas

in absorption of the ground state material, due to formation of excited
triplet states/reactive intermediates on laser excitation.
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Fig. 3. Representative transient decays fitted to a sum of two single
exponential decays observed in LFP experiments in 150-8H;CN
(O2 purged) at 330 nmé triangles) and at 380 nn8( squares).

indicative that reaction via the singlet manifold is preferred
over intersystem crossing to the triplet state.

LFP experiments were also conducted&rto examine
the effect of having the phenol and ketone moieties sepa-
rated over a longer distance. LFP&{N, purged) yielded
a strong signal at 380 nm again consisting of the sum of two
single exponential decays with lifetimes of3 and 27.s
and a broad weak signal from 430—700 nm. The latter signal
disappeared underCpurged conditions, while the former
remained unchanged; hence the 380 nm signals is assigned
as arising from the singlet state (Fig. 2), while the broad
430-700 nm band is attributed to the triplet excited state. As
observed with 7, the above data is consistent with a scheme
in which reaction from the singlet excited state8qgiredom-
inates over intersystem crossing in 1: 2+CHzCN.

Kinetic studies of the 350 nm transient dfvere carried
out in both 1:1 BO:CH3CN and 1:1 HO: CH3CN (O,
purged), to help in the assignment. The lifetime of the faster
decay increased by about 20% (2.9 vs.&5n HyO vs.
D,0), while the lifetime of the slower decay increased by a
factor of 2 (65 vs. 13hs in HyO vs. D,O). Similar results
were observed fo6 (in H,O vs. DO). The faster decay
remains essentially the same~1us in HO vs. D3;0),
while the lifetime of the slower decay is twice as long in
D20 (20 vs. 1Qus).

LFP experiments were also conducted using the respec-
tive p-methoxy compound45-17 as the methoxy group
is expected to have similar electronic effects as hydroxy,
but lack an acidic proton. LFP of these compounds (1:1
H20O-CH3CN) vyielded strong transients under, Nvhich
were completely quenched undes,Ehereby indicating that
only triplet-derived processes were occurring. These results
eshow that thep-hydroxy group is required for the formation
of the transient species observed above. LFP experiments
were also conducted usingrhydroxybenzophenone in
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1:1 HO-CHzCN (O2 or N2 purged). However, only very  have lifetimes that are measurable using nanosecond LFP
weak signals were observed and further studies on the metg10,11,20,21]. However, all of themquinone methides
isomers were not pursued. detected so far have only one decay pathway, viz., nucle-

The proposed mechanistic scheme which accounts for theophilic attack by water at the benzylic carbon (e.g., Eq. (2)).
observed results is shown in Scheme 1 @aand 7). The LFP studies ofmhydroxybenzophenone gave only very
transients observed only in agueous solution for all three weak signals; they appear at the same wavelength as the
ketones6-8 (at 330, 350 and 380 nm, respectively) are es- corresponding phenolate generated in basic solution. There-
sentially identical to the UV-VIS spectra of the correspond- fore, it is possible that some phenolate is photogenerated
ing authentic phenolate ions (generated at high pH) of thesebut no evidence was available indicating formation of the
compounds (i.e12-14, respectively). However, the biexpo- correspondingn-quinone methidel9. Indeed, Bhasikuttan
nential decays indicate that there are two species involved,et al. [12] have assigned a transient with similar intensity
with very similar absorption spectra. We propose that the at 360 nm to this phenolate (photogenerated in MeOH). A
other species formed are the correspondirguinone me- more detailed examination of the structure 8 would
thides9-11, which are expected to have similar absorption indicate that the main pathway for reaction of this species
spectra as the corresponding phenolate ions above. This prois deprotonation of the hydroxyl group since the corre-
posal is consistent with results of Wolfbeis et al. [4,5] and sponding conjugate base (the ketone) is a very weak base.
Itoh et al. [6-9] who have proposed the formation of similar The rate of such a deprotonation, assuming Eigen-like be-
species forl-3. The p-quinone methide®-11 are formed havior, would be very fast (>£&~1). Therefore, if such
via the singlet excited state, presumably via assistance ofan intermediate is formed, it would not be observable by
water, as shown in transition stai®. In addition, simple nanosecond LFP. It seems clear that more kinetic studies are
proton transfer to water from the excited singlet state to gen- warranted to fully understand ESPT and ESIPT processes
erate12-14 probably also occurs although it is difficult to  for hydroxyaromatic ketones. Our initial results above indi-
estimate the extent of this process. The fact that only very cate that much more remains to be explored in their excited
weak signhals were observed farhydroxybenzophenone singlet state chemistry which may have been inadvertently
would suggest that initial ESIPT is required for formation neglected in the past.
of the phenolate ions, via subsequent deprotonation.

The primary mode of decay for phenolatEs-14 is sim-
ple reprotonation on the phenol oxygen, to regenerate start-4. Summary
ing ketone. The primary mode of decay fmiquinone me-
thides9-11 is probably nucleophilic attack by water at the Formal ESIPT (and ESPT) was found to occur in hy-
exocyclic vinyl carbon, as shown for a variety of other pho- droxy aromatic ketone§, 7 and8, to yield the correspond-
togenerated quinone methides in aqueous solution [20,21].ing p-quinone methides as well as the respective phenolates,
For 9-11, such an attack generates the corresponding ke-suggesting that this is a general process for all such ketones.
tone hydrates which will readily revert to starting ketone. The ESIPT process was found to take place via the singlet
Another mode of reaction fd®-11 is deprotonation of the  manifold and requires water (or another protic solvent) to
enolic proton to generat&2-14. Unfortunately, the rela-  mediate the process.
tive contributions of these two modes of decay could not
be estimated since we were unable to design any successful
product study experiments. Any simple nucleophile which Acknowledgements
can attackd—11 would give a tetrahedral intermediate that
would readily expel the nucleophile, to regenerate substrate. Support of this research by the Natural Sciences and
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