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6-Bromo-4-(1,2-dihydroxyethyl)-7-hydroxycoumarin (Bhc-diol) can be used under simulated physiological conditions as a photoremovable
protecting group for aldehydes and ketones. The single- and two-photon-induced release of benzaldehyde, piperonal, acetophenone, and
cyclohexanone is demonstrated.

The use of photolabile protecting grodp® control the jugate (“caged” compound) is introduced into the biological
activity of biological effectors in a temporally and spatially culture or animal, and then the active form of the effector is
dependent manner has become important in the investigatiorreleased at the desired time and location with a pulse of light
of cellular signal transduction pathwa§yShey have also  (“uncaging”). To be useful in biological experiments, a
enabled the use of photolithographic techniques for the caging group must undergo photolysis rapidly, in high yield,
construction of complex oligonucleotide, polypeptide, and and at wavelengths that are not detrimental to the biological

other spatially addressable combinatorial librafidédany system. It should not interfere with the methods used to
photoremovable protecting groups have been created formeasure the response of the system, and the postphotolysis
these purposes, including 2-nitroben&henzoin®® 7-nitro- remains of the caging group must not interact with the
indolineZ phenacyld? coumarinylmethyfé and anthraquinon-  physiological processes under study. The caged compound
2-yImethoxycarbonyt! should exhibit good water solubility and hydrolytic stability

The strategy employed for controlling the activity of a in the dark.
biological effector of interest is straightforward: a photo- Most uncaging protocols employ UV light, which due to
removable protecting (“caging”) group is covalently attached the short wavelengths<@60 nm) required, is damaging to
to the bioactive molecule, the chromopherdfector con- cells, lacks three-dimensional spatial resolution, and provides
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selective approach utilizes IR light and multiphoton excitation in many biological effectors, especially drugs. Synthetically
(MPE)? which confines the messenger activation to the focus useful photoremovable protecting groups for carbonyls such
of the laser beam~1 (um)®. As an added advantage, asN,N-dimethylhydrazonédrequire the generation of singlet
chromophores with sensitivity to MPE tend to be highly oxygen, while others require a triplet sensitizer, as in the
sensitive to single-photon excitation, decreasing irradiation case of dithioacetals.Both methods would be incompatible
times and enabling the use of low-intensity light sources in with biological systemso-Nitrophenylethylene glycol de-
conventional applications of caged compounds. rivatives 45 and 6% release carbonyl compounds upon
Photolabile protecting groups that possess sufficiently large exposure to 350 nm light in organic solvents (Scheme 1).
two-photon absorbance cross-sectiong, for biological
applications exist. For example, 6-bromo-7-hydroxycou-
marin-4-ylmethyl (1, Bhc, Figure 1) has been utilized as a

Scheme 1. o-Nitrophenylethylene Glycols as Photoremovable
Protecting Groups for Aldehydes and Ketones
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Figure 1. Two-Photon Releasing Groups with Biological Utility.  gfter exposure to a visible-light mercury lamp for 7 h. These
protecting groups require significant synthetic adaptation for
physiological use, and they would still suffer from very poor
multiphoton-sensitive caging agent for neurotransmitters, sensitivity to MPE.
DNA and RNAZ diols? and an inhibitor of nitric oxide As part of our program to develop applications for two-
synthasé? Recently, we reported the synthesis, photochem- photon-sensitive photoremovable protecting groups, we
istry, and potential use of 8-bromo-7-hydroxyquinoli® ( required a caging agent capable of releasing ketones inside
BHQ) as a caging group for biological effectors possessing jiing cells, tissues, and animals. We rationalized that acetals
carboxylate groups: MNI-glutamate (3) has been shown 4ng ketals of 6-bromo-4-(1,2-dihydroxyethyl)-7-hydroxy-
to release glutamate upon two-photon excitation in sufficient ~qumarin (Bhc-diol-acetal/ketal7) would be capable of
quantities to be useful for investigating the function of liberating aldehydes and ketones upon single- or two-photon
glutamate receptors. photolysis under simulated physiological conditiifScheme
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for ketones and aldehydes, functional groups that are foundpecause saturated alcohols cannot be released directly from

(5) Denk, W.: Stickler, J. .. Webb, W. VBCiencal 990,243, 7376 Bhc; X must be a good leaving group (Figure °%y.
enk, W.; Strickler, J. H.; Webb, W. Wacienc ,248, . . L R .
Xu, C.; Webb, W. W. InTopics in Fluorescence Spectroscopy: Nonlinear Apparently, trappmg_the ZW'tterldBl a possible intermediate
and Two-Photon-Induced Fluorescentakowicz, J., Ed.; Plenum Press:  suggested by Bendig et &?. with solvent (HO or ~OH)

New York, 1997; Vol. 5, pp 474540. Denk, W.; Piston, D. W.; Webb, ; it i
W. W. In Handbook of Biological Confocal MicroscopfPawley, J. B., followed by dissociation to Bhc-diol9) and the carbonyl

Ed.; Plenum Press: New York, 1995; pp 4468. Williams, R. M.; Piston,

D. W.; Webb, W. W.FASEB J.1994, 8, 804—813. Xu, C.; Zipfel, W.; (13) Friedrich, E.; Lutz, W.; Eichenauer, H.; Enders,3ynthesid977,
Shear, J. B.; Williams, R. M.; Webb, W. Wroc. Natl. Acad. Sci. U.S.A. 893—-894.
1996,93, 10763—10768. (14) Takahashi, T. T.; Nakamura, C. Y.; Satoh, JJYChem. Soc., Chem.

(6) Oy is a measure of the sensitivity of a chromophore to two-photon Commun.1977, 680. McHale, W. A.; Kutateladze, A. G. Org. Chem.
photolysis. To be biologically useful, it should exceed 0.1 GM (Goeppert  1998,63, 9924—9931.

Mayer, 1050 cn* s photort?). See ref 7. (15) Hébert, J.; Gravel, DCan. J. Chem1974,52, 187—189. Gravel,
(7) Furuta, T.; Wang, S. S.-H.; Dantzker, J. L.; Dore, T. M.; Bybee, W. D.; Hebert, J.; Thoraval, DCan. J. Chem1983,61, 400—410.
J.; Callaway, E. M.; Denk, W.; Tsien, R. YProc. Natl. Acad. Sci. U.S.A. (16) Blanc, A.; Bochet, C. GJ. Org. Chem2003,68, 1138—1141.
1999,96, 1193—2000. (17) Aurell, M. J.; Boix, C.; Ceita, M. L.; Llopis, C.; Tortajada, A.;
(8) Ando, H.; Furuta, T.; Tsien, R. Y.; Okamoto, Nat. Genet2001, Mestres, RJ. Chem. Res., Synop995, 452—453.
28, 317—325. (18) KMOPS buffer: 100 mM KCI and 10 mM MOPS titrated to pH
(9) Lin, W.; Lawrence, D. SJ. Org. Chem2002,67, 2723—2726. 7.2 with KOH.
(10) Montgomery, H. J.; Perdicakis, B.; Fishlock, D.; Lajoie, G. A,; (19) Schade, B.; Hagen, V.; Schmidt, R.; Herbich, R.; Krause, E.;
Jervis, E.; Guillemette, J. @Bioorg. Med. Chem2002,10, 1919—-1927. Eckardt, T.; Bendig, JJ. Org. Chem1999,64, 9109—9117.
(11) Fedoryak, O. D.; Dore, T. MOrg. Lett.2002,4, 3419—3422. (20) On the basis of studies of (7-methoxycoumarin-4-yl)methyl-caged
(12) Matsuzaki, M.; Ellis-Davies, G. C. R.; Nemoto, T.; Miyashita, Y.; phosphates, carboxylates, and sulfonates, Bendig et al. proposed a photo
lino, Y.; Kasai, H.Nature Neurosci2001,4, 1086—1092. Syl reaction (solvent-assisted photoheterolysis) mechanism. See ref 19.

2120 Org. Lett., Vol. 5, No. 12, 2003



Scheme 2. Photolysis of Bhc-diol-Protected Aldehydes and

Ketones
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compound is competitive with recombination to regenerate
the starting materiar.

The Bhc-diol-protected aldehydes and ketones were syn-
thesized as shown in Scheme 3. Coumafmwas prepared

Scheme 3. Synthesis of Bhc-diol-Protected Aldehydes and

triphenylphosphine in acetonitrile at 8&. Olefination of
compoundl?2 by a Wittig reaction with aqueous formalde-
hyde, using sodium carbonate as the base, proceeded with
concomitant loss of the acetate to reveal alkEB& Osmium
tetroxide dihydroxylation provided Bhc-diol4), which was
acetalized or ketalized by refluxing in toluene with benzal-
dehyde (15a), piperonallbb), acetophenonelc), or cy-
clohexanoneX5d) in the presence of pyridiniump-toluene-
sulfonate (PPTS) with some solid magnesium sulfate added
to remove water. This afforded Bhc-diol-acethBaand16b
and Bhc-diol-ketald 6cand16d as mixtures of diastereomers
(in the case ofl6a—c) in modest yields.

Irradiation of Bhc-diol-acetals/ketal6a—dwith 365 nm
light in pH 7.2 KMOPS buffer unmasked the protected
aldehydes and ketones (Figure 2). Comparing the time
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Figure 2. Time course of single-photon photolysis of Bhc-diol-
protected aldehydes and ketones at 365 nm. Concentrations were
determined by HPLC and are the averages of 3 runs (see Supporting
Information). For comparison, the concentrations have been nor-
malized and reported as a percentage. Solid lines through solid
symbols are least-squares fits of simple decaying exponentials,
which gave time constants = 12.5, 20.3, 30.8, and 31.6 s for
16a, 16b, 16c, and16d, respectively. Fits fol6a—d had coef-
ficients of determinatiof? > 0.996. Solid lines through the open
symbols are fits of an exponential rise to a maximum for the
photolysis productd5b and15c.

Ketone$
=+
Cl Cl PPh,
Br Br
—_—
RO [oXie} RO o070
10: R=H 12
11:R=Ac
OH
= HO
Br x p Br N .
HO [o XN 6] HO 0" 0
13 14
R
R
gﬁo ©/CHO <o CHO
(o]
Br
\ 15a 15b
HO oo o o
16a: R=H, R'=Ph
16b: R =H, R’ :\@%
o
16¢: R =Me, R'=Ph 15¢ 15d

16d: R/R’ = —(CHao)s—

aReagents and conditions: (a) Ay, pyr, 85%; (b) PPh
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(d) OsQ, NMO, H;0, acetone, 80%; (€)5a—d, PPTS, MgS@Q
toluene, BUOH, 110C, 57%, 28%, 22%, and 39% fd6a—d,
respectively.

in 90% yield by a Pechman condensation of 4-bromoresor-
cinol with ethyl 4-chloroacetoacetate in concentrated sulfuric
acid, followed by protection of the phenolic hydroxy group
as the acetate. Formation of the triphenyl phosphonium salt
12 was accomplished by treating the chloridd with
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courses for these reactions, obtained from HPLC analysis
of aliquots taken at periodic intervals, reveals that Bhc-diol-
benzaldehyde and Bhc-diol-piperonal were photolyzed slightly
more efficiently than the acetophenone and cyclohexanone
derivatives. From these data, single-photon uncaging quan-
tum efficiencies,Qu1, were determined as previously de-
scribed!2223They are summarized in Table 1 along with
selected absorption data. The quantum efficiencies for single-
photon photolysis of Bhc-diol-protected benzaldehyde, pip-

(21) Findlay, J. A.; Mebe, P.; Stern, M. D.; Givner, M.Can. J. Chem.
80,58, 1427—1434.
(22) Adams, S. R.; Kao, J. P. Y.; Grynkiewicz, G.; Minta, A.; Tsien, R.
Y. J. Am. Chem. S0d.988,110, 3212—3220.

(23) Hatchard, C. G.; Parker, C. Rroc. R. Acad. London, Ser.1956
235, 518—-536.
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Table 1. Photochemical Properties of Bhc-diol-Protected

Aldehydes and Ketones 1:2;:_ B Bhc-dicl-benzaldehyde (16a) ||
Amax €365 €370 Qui Ou . ® Bhc-dicl-piperonal (16b)
(hm)  (M~tcm™)  (M~tcm™Y) (mollein) (740 nm) 8 : E:zg:g:i;:rg:::;:;:e(zf:;) n
16a 370 18 000 18 500 0.057 0.90 g K\.\ O Piperonal (15b) B
16b 370 19500 19 800 0.035 0.60 S &% \;\\\.\\\ & Acetaphenone (15c) i
16c 370 18 000 18 400 0.030 1.23 5 5% \w
16d 370 12 600 12 800 0.032 0.51 g 0%
g 30% ]
eronal, acetophenone, and cyclohexanone are similar to those § 20% /f
of other Bhc-protected compoundst 10% N Q
Each of the Bhc-diol-protected compountiSa—d was Ry .
tested for its resistance to spontaneous hydrolysis in the dark 0 20 40 TimZ"(min) 80 100 120

under simulated physiological conditions. No appreciable

decomposition of the conjugate was observed after 7 daysgigyre 3. Time course of two-photon photolysis of Bhc-diol-

in pH 7.2 KMOPS buffer. protected aldehydes and ketones at 740 nm (average power 300
The extent of carbonyl compound release as measured by335 mW exiting the cuvette; 96115 fs pulse width). Concentra-

HPLC was half of what was expected. To explore the tions were determined by HPLC and are the averages of at least 3

o : : _ runs (see Supporting Information). For comparison, the concentra-
possibility of secondary photochemical degradation, KMOPS tions have been normalized and reported as a percentage. Solid

buffered solutions of piperonal and acetophenone were eachnes are least-squares fits of simple decaying exponentials, which
exposed to 365 nm light for 1 min, but neither compound gave time constants = 54.1, 42.3, 42.4, and 70.0 min fd6a,

showed any significant decomposition. Irradiation of a 1:1 16b, 16c, and16d, respectively. Fits fol6a—d had coefficients

KMOPS buffer also showed no change in concentration of are fits of an exponential rise to a maximum for the photolysis
. roducts15b and 15c.

the carbonyl compounds. Degradation of the carbonyl P

compounds after uncaging is not the result of a direct or a

Bhc-diol-mediated photochemical process.

T hot . tioBs. of 16a—d biologically active messengers containing a carbonyl func-
Wo-photon uncaging cross-sections, ot 16a—dwere tionality. Since Bhc has been used in biological systems, this

rsnai)?)ShL::gdlagzlrn\?vitﬁ ;ir::gssgi%ng;pgfi%e?:ﬁe;gﬁgg? d g'srepresents the first example of a photolabile protecting group
previously describedt The values ofd, determined for capable of releasing aldehydes and ketones by single- and

L . two-photon excitation under physiological conditions. Further
16a—d(Table 1) are S|m|Iar1Io the \{alues Obt‘f"'”ed for other investigation into the mechanism of photolysis and usefulness
Bhc-protected compounds?! Any discrepancies are prob-

ably a result of differences in laser power and optical setups in biological systems is underway.
employed. The longer time constants (min), as compared to
the single-photon kinetics (s), are due to the small volume
of the sample that is actually irradiatedX fL) relative to
the bulk solution (2QcL). Sufficient quantities of the Bhc-
diol-acetal/ketal for HPLC analysis must diffuse into the
laser's focal volume, where uncaging efficiency is high,
undergo photolysis, and then diffuse back out into the bulk
solution.

The results presented in this paper indicate that Bhc-dio
can be used as a photolabile protecting group to cageOL034536B
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