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ABSTRACT: Enantiopure excited state proton transfer (ESPT)
dyes were used for the asymmetric protonation of silyl enol
ether. Under 365 nm irradiation, with 3,3′-dibromo-VANOL as
the ESPT dye, up to 49% enantioselectivity with a 68% yield of
product was observed at room temperature. The reaction is
effective with a range of silyl enol ethers and can also be achieved
with visible light upon the addition of triplet sensitizer. The
relatively low ee of the protonated product is due to the
racemization/decomposition of the ESPT dye in the excited
state as indicated by circular dichroism, HPLC, and UV−vis
spectroscopy.

Enantioselective synthesis is the cornerstone of modern
synthetic chemistry and a crucial step in the production of

fine chemicals such as food additives, fragrances, natural
products, and pharmaceuticals.1 Historically these reactions
are thermally driven, but over the past decade there has been an
increased interest in enantioselective photocatalysis because the
reactions can proceed at room temperature and they use light
as a nontoxic reagent.2 Most of these asymmetric, photo-
catalytic reactions rely on either (1) triplet energy transfer to
generate a reactive organic substrate3 or (2) photoredox
reagents such as ruthenium(II) tris(2,2′-bipyridine),4 acridi-
nium,5 iridium complexs,6 and eosin7 which, upon excitation,
can initiate a wide range of chemical transformations by facile,
one-electron oxidation or reduction events.
Recently our research group introduced excited state proton

transfer (ESPT), in the presence of a sacrificial proton source,
as an alternative photocatalytic strategy which relies on the
electron density shift associated with light absorption to
increase the acidity of the catalyst significantly.8 Greater than
95% efficient photocatalytic protonation of a silyl enol ether
was achieved with 1 mol % 7-bromo-2-naphthol as an ESPT
catalyst and phenol as the sacrificial proton source.8 Although
there is a stereocenter, the achiral reaction conditions generate
a racemic mixture of (R)- and (S)-2-phenylcyclohexanone as
the product.
Enantioselective protonation of prochiral enol ether is a

simple and attractive route for the generation of optically active
carbonyl compounds.9 This protonation reaction has been
performed using chiral phosphoric acids (top of the Figure 1),10

chiral BINOL Sn complexes,11 and organocatalysts.12 In this
report we demonstrate that chiral naphthol compounds can
facilitate enantioselective ESPT to a prochiral silyl enol ether
substrate at room temperature (bottom of Figure 1).
Enantioselective ESPT has been used for the chiral recognition
of enantiopure amino acids,13 amino alcohols,14 amines,15 or

alcohols,16 but to the best of our best knowledge, this is the first
example of applying ESPT to a prochiral substrate for the
generation of chiral products.
BINOL and VANOL compounds (Scheme 1) were selected

for this work because (1) they contain naphthol chromophoric
units which are known to exhibit ESPT17 and (2) they are
relatively common molecules for use in enantioselective
reactions because of their axial chirality.18

Photochemical reactions were performed with a stoichio-
metric mixture of 1-phenyl-2-(trimethylsiloxy)cyclohexene and
enantiopure ESPT dye (1a−c and 2a−b) in toluene under 365
nm irradiation (8 mW/cm2) for 2 h. The reaction yields and ee
of 2-phenylcyclohexanone were determined by NMR and
HPLC, respectively.
There are several notable observations from the yield and ee

shown in Scheme 1. The first is that the unsubstituted BINOL
(1a) and VANOL (2a) compounds yielded no product. In
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Figure 1. Enantioselective protonation of 1-phenyl-2-(trimethyl-
siloxy)cyclohexene to generate (R)-2-phenylcyclohexanone.
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contrast, bromine substituted compounds 1b, 1c, and 2b, gave
product in >60% yield. This result is in agreement with our
previous report where the generation of a triplet excited state
was necessary for diffusion limited contact and ESPT to occur.8

The addition of bromine heavy atoms (1b, 1c, and 2b)
effectively facilitates intersystem crossing into the long-lived
triplet excited state which can undergo chemical reactions.19

Of the ESPT dyes in Scheme 1 only 2b exhibited any
enantioselectivity (35% ee) for the protonation of 1-phenyl-2-
(trimethylsiloxy)cyclohexene. Despite the high yield, no ee was
observed for 1b and 1c. As previously reported by Tolbert,20

Wan,21 and others,21 BINOL planarizes in the excited state and
can subsequently racemize. Presumably either (1) the lack of
asymmetric induction from the planarized excited state or (2)
racemization prior to proton transfer is responsible for the lack
of enantioselectivity during the ESPT reaction with 1b and 1c.
Our initial attempts to hinder planarization/racemization by
substituting BINOL with more sterically hindered bromine
atoms in the 7,7′ position did not increase the ee of reactions
with 1c. However, with (R)-3,3′-dibromoVANOL (2b) a 64%
yield (61% isolated yield) with 35% enantioselectivity of (R)-2-
phenylcyclohexanone was obtained. The significant increase in
steric hindrance provided by the phenyl substituents likely
impedes rotation/planarization of VANOL in the excited state.
Various conditions for the protonation of 1-phenyl-2-

(trimethylsiloxy)cyclohexene by 2b were examined, and the
results are summarized in Table 1. In the absence of light, 2b is
not sufficiently acidic to protonate the substrate and generate
any observable 2-phenylcyclohexanone even at elevated
temperatures (entries 1−2 in Table 1). Under irradiation,
increasing (60 °C) or decreasing (−5 °C) the reaction
temperature had minimal effect on the reaction yield or the
enantioselectivity (entries 4−6). The nature of the solvent had
minimal influence on the reaction yield with only a small
decrease in CHCl3 (80%) relative to toluene (64%). However,

in both MeCN and CHCl3 no enantioselectivity is observed.
Although we do not have a definitive explanation for the loss in
enantioselectivity, it may be due to the increase polarity of
MeCN and CHCl3 effectively solvating the acidic proton and
decreasing substrate−dye contact during the proton transfer
event.
To gain insights into the progress of the reaction we have

monitored both ee and yield with respect to time, and the
results can be seen in Figure 2. As expected, the reaction yield

continues to increase over the course of the reaction. In
contrast, for the first 10 min of the reaction the ee is >40% and
then decreases to ∼35% over the subsequent 20 min.
The decrease in ee as the reaction progresses can be

attributed to a decrease in enantiopurity and/or decomposition
of 2b over the course of the experiment. Changes in the circular
dichroism spectra with respect to time indicate that more than
50% of the initial CD intensity is lost within the first 10 min
(Figure S2) and continues to decrease for at least the first 30
min. HPLC measurements after 10 min of irradiation show the
generation of ∼5% (S)-VANOL (Figure S3). Conversely,
changes in the UV−vis spectra over time show the
disappearance of VANOL absorption features over the course
of the reaction. These results suggest that, while slower than
with BINOL, both isomerization and decomposition of
VANOL contribute to the decreased ee over time.
Enantioselective ESPT was effective with a range of silyl enol

ethers as summarized in Table 2. In accord with our previous
report, the R1 substituent had minimal influence on the reaction

Scheme 1. Excited State Proton Transfer Dyes, Reaction
Yield, and Enantiomeric Excess of (R)-2-
Phenylcyclohexanonea

aReaction conditions: 1 mM of 1-phenyl-2-(trimethylsiloxy)cyclo-
hexene and 1 mM of (R)-ESPT dye in 0.5 mL of toluene with 365 nm
irradiation (8 mW/cm2); yields were calculated by 1H NMR using
triphenylmethane as the internal reference; ee’s were determined by
HPLC (OD chiral column, flow rate 1 mL/min, hexane/isopropanol =
99:1).

Table 1. Reaction Conditions for the Protonation of 1-
Phenyl-2-(trimethylsiloxy)cyclohexene by 2ba

entry solvent hν (nm) temp (°C) yield (%)b ee (%)c

1 toluene − 60 0 nd
2 toluene − rt 0 nd
3 toluene 365 rt 64 35
4 toluene 365 0 72 35
5 toluene 365 −5 70 36
6 toluene 365 60 76 32
7 MeCN 365 rt 64 0
8 CHCl3 365 rt 80 0

aAll of the reactions were carried out with 1 mM of the substrates and
1 mM of 2b with 365 nm irradiation (8 mW/cm2) for 2 h. bYield of
the product was calculated by 1H NMR using triphenylmethane as the
internal reference. cDetermined by HPLC (OD chiral column, flow
rate 1 mL/min, hexane/isopropanol = 99:1).

Figure 2. Reaction yield and ee of 2-phenylcyclohexanone with respect
to time for a reaction mixture containing 1 mM of 1-phenyl-2-
(trimethylsiloxy)cyclohexene and 1 mM of (R)-2b in 0.5 mL of
toluene under 365 nm irradiation (8 mW/cm2).
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yield. However, we observe a >30% decrease in ee as the steric
bulk is increased from methyl to ethyl and isopropyl groups.
The highest ee we report here, 49%, was achieved with a
triphenylsilyl group. Interestingly, with 2-methyl-3-(trimethyl-
siloxy)indene we observe the highest reaction yield (80%; 74%
isolated yield) but the lowest ee (13%).
In accord with our previous work, enantioselective ESPT can

also be achieved under visible light by using the appropriate
triplet sensitizer molecule and the unsubstituted ESPT dye by
triplet energy transfer (TET) (Figure 3). Irradiating a mixture

of substrate (1 mM), VANOL (2a, 1 mM), and bis(4,6-
difluorophenyl-pyridine)(picolinate)iridium(III) (SENS, 0.05
mM) in 0.5 mL of toluene with 445 nm light gave (R)-2-
phenylcyclohexanone in 68% yield and 25% ee. The same
reaction with (S)-VANOL yielded (S)-2-phenylcyclohexanone
in similar yield and ee. It is worth emphasizing that the
sensitized reactions are achieved using the nonbrominated
ESPT dye since the triplet state is generated on the sensitizer
and then transferred to the dye.
Initial attempts to realize enantioselective ESPT catalysis

have been unsuccessful. In our previous report ESPT catalysis
was demonstrated with phenol as the sacrificial proton source
to regenerate 7-bromo-2-naphthol (1 mol % relative to
substrate) after the proton transfer event.8 Similar catalytic
protonation of substrate by 2b in the presence of phenol was
observed, but the reaction was not enantioselective. Our

working hypothesis is that hydrogen bonding between 2b and
phenol in the ground state is responsible for the loss of ee. That
is, upon excitation, ESPT from 2b to phenol can generate
PhOH2

+ which is still sufficiently acidic to protonate substrate,
but all chiral induction is lost.23 Attempts to limit hydrogen
bonding by using thiol proton sources (ethanethiol, thiophenol,
etc.) or the sterically hindered 2,6-di-tert-butyl-methylphenol
yielded no product and no enantioselective product,
respectively. In the former case, insoluble brown precipitation
was quickly generated, likely due to the formation of sulfide
adduct by photoinitiated radical reaction of thiols.24 Presum-
ably with an achiral sacrificial proton donor that lacks hydrogen
bonding and has the appropriate pKa to regenerate the ESPT
dye but not protonate substrate, enantioselective ESPT catalysis
could be realized.
In summary we have introduced a new strategy to

enantioselectively protonate prochiral substrates using excited
state proton transfer from a chiral dye. The reaction is effective
with a range of silyl enol ethers and can also be achieved with
visible light upon the addition of triplet sensitizer. The low ee
of the protonated product is due to the racemization of the
ESPT dye in the excited state as indicated by circular dichroism.
The development of new enantiopure ESPT dyes that cannot
photoisomerize will likely improve the ee and increase the
utility of enantioselective ESPT in organic synthesis.
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