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Irradiation of alcohols, phenols, and carboxylic acids “caged” with the 2,5-dihydroxybenzyl group or its
naphthalene analogue results in the efficient release of the substrate. The initial byproduct of the
photoreaction, 4-hydroxyquinone-2-methide, undergoes rapid tautomerization into prgthigbne. The

UV spectrum of the latter is different from that of the caging chromophore, thus permitting selective
irradiation of the starting material in the presence of photochemical products. These photoremovable
protecting groups can be armed in situ by the reduction of photochemicallypiggiinone precursors.

Introduction Byproducts of the uncaging reaction should ideally be transpar-
ent at the wavelength of irradiation and possess low reactivity.

Among common functional groups, alcohols are one of the
most difficult functionalities to cage. Several examples of
successful release of alcohols and carbohydrates caged with
o-nitrobenzyl-based PPGs have been repotfetHowever,
substrate release can take minutes after irradiation since this
reaction proceeds via several slow dark ste@sher common
PPGs, such as',3-dimethoxybenzoif, p-hydroxyphenacy?,
and a family of cages utilizing photochemical heterolysis of
'the C-O bond?° allow for the rapid release of a substrate but
‘work well only with good leaving groups and are rarely suitable
for the direct caging of alcohold.The quantum and chemical

Photolabile protecting groups (PPG), known as “cages” in
biochemistry, allow for the spatial and temporal control of
substrate release, as well as “reagentless” deprotécfid?PGs
have found numerous applications in biochemidtogrganic
synthesis;? fabrication of high-density probe arrays (aka
biochips)# and time-resolved X-ray crystallographyo exploit
benefits of photochemical deprotection, the caging group should
comply with the following requirements: high quantum and
chemical yields, as well as a fast rate of substrate release
substantial absorbance above 300 nm; and good dark stability
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SCHEME 1

*
NG R S OR | .03 “su- NG OH
" 78-95%

1 R =(a) H; (b) PhCHy; + ROH
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yield of alcohol photorelease can be improved substantially by
the introduction of a carbonate linker between the substrate and
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/y

SCHEME 2

the cagé€? In this case, however, the relatively slow dark OH OR

decarboxylation of a monocarbonate becomes the rate-determin- ROH

ing step of the alcohol releadg Photoremovable protecting *

groups based on photoinduced electron transfer often allow for OH o 2

the efficient deprotection of alcohols but require the addition 3a-d ﬂ» s . 7

of a sensitizer and/or an electron dofbr. oy Sey-
Our group is interested in developing new PPGs based on OH OR Oy o

the photochemistry ofo-hydroxybenzyl ethers and esters. OO 5 (5x) 6

. . N (6n)

o-Hydroxybenzyl alcohol and its derivatives lose water upon

irradiation, generating reactive-quinone methide¥> The o R=(a) PACH2CHy; (b) p-CI-CgHa;

formation of theo-quinone methide is usually complete within 4a,b (c) PhCO; (d) t-BuCO

the nanosecond laser pulse. It apparently proceeds via the
excited-state proton transfer, accompanied by a concertgd C ~ SCHEME 32
bond cleavage (Scheme 1). Recently, we have shown that ethers OMe OMe OR

O OR
and esters of (3-hydroxymethyl)naphthalen-24) éfficiently CHOH b .
release the corresponding hydroxy compounds upon irradiation —_— —_— — 3a,c,d
(Scheme 1¥® (3-Hydroxymethyl)naphthalen-2-ol was chosen
OMe OMe o]
8

over o-hydroxybenzyl alcohol because it allows for the use of
longer irradiation wavelengths for deprotection.

In aqueous solvents, mtermedla_tqumone meth_ldé rapidly a Reagents and conditions: (2)-RPhCHCHs: (i) HBr (aq) 91%: (il
adds water to form the parent didh The transien? has a PhCHCH,OH, NaH, THF 85%; R= PhCO: PhCOCI, ChCly, pyridine
microsecond life time in wholly aqueous soluti&nThis cage 81%; R= t-BuCO: t-BuCOCI, CHCl,, pyridine 84%; (b) CAN, CHCN,
is well-suited for the time-resolved release of hydroxyl com- 71-87%; (c) NaS;04, H,O/CHClk 90-99%.
pounds in aqueous media. Under steady-state irradiation,
however, accumulation of (3-hydroxymethyl)naphthalen-2-ol OH OCH;CH,Ph
(1), which has the same chromophore as the caged compound, ]
causes the filtering effect and reduces yields of deprotection.

To alleviate this problem, we have designed a new PPG, 2,5-
dihydroxybenzyl 8, Scheme 2). The 4-hydroxy-1-quinone-2-
methide intermediates, formed upon deprotection of the
substrate, undergoes rapid tautomerization to stable 2-methyl-
1,4-benzoquinonedf. The UV spectrum of the latter is signi-
ficantly different from that o, allowing for selective irradiation
of the caged compound even at higher substrate concentrations
(Figure 1). The photochemical properties of the naphthalene
analogue of3 have been also explored,(Scheme 2).
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Results and Discussion

2,5-Dihydroxybenzyl-caged 2-phenylethan®), as well as Wavelength / nm
nzoi nd pivali i Wi repar h
benzoic gc) and pivalic @d) acids, was prepared by the FIGURE 1. UV spectra of ca. 5x 10> M methanol solutions of
(12) (a) Loudwig, S.: Maurice, Gletrahedron Leti2001, 45, 7957. (b) (_:aged 2-phenylethan8k (solid Iine_), methylbenzoquinoné,(dashed
Suzuki, A. Z,; Waténébe, T.; Kéwémoto, M.; Nishiyama, K Yarﬁashita, line), andp-chlorophenol (dotted line).
H.; Ishii, M.; Iwamura, M.; Furuta, TOrg. Lett.2003 5, 4867. (c) Pirrung,

M. C.; Bradley, J.-CJ. Org. Chem1995 60, 1116. reduction of corresponding quinone&g,c,d with sodium

Phgltgéi(;) spc?ggggoiglzolué %; L‘ﬁ:{;hkv f;;v\%g”jﬁ éiaf-mgiggﬂgm- dithionite in a biphasic chloroformwater system (Scheme 3).

Photobiol. Sci2005 4, 43. (®) e m T ’ Direct acylation of the starting 2,5-dimethoxybenzyl alcohol
(14) (a) Banerjee, A,; Lee, K.; Falvey, D. Hetrahedron1999 55, (8), which was prepared from commercially available 2,5-

12699. (b) Jones, P. B.; Pollastri, M. P.; Porter, NJAOrg. Chem1996 dimethoxybenzaldehydé,afforded ester®c,d in good yield.

gébi4§5é3§i) Falvey, D. E.; Sundararajan, Rhotochem. Photobiol. Sci.  £qr the synthesis of eth@g, alcohol8 was first converted into
(15) (a) Diao, L.; Yang, C.; Wan, B. Am. Chem. So4995 117, 5369.

(b) Nakatani, K.; Higashida, N.; Saito, Tetrahedron Lett1997, 38, 5005. (16) Kulikov, A. V. Dissertation, Bowling Green State University,

(c) Fischer, M.; Shi, Y.; Zhao, B.-p.; Snieckus, V.; Wan@an. J. Chem. Bowling Green, OH, 2006.

1999 77, 868. (d) Chiang, Y.; Kresge, A. J.; Zhu, ¥. Am. Chem. Soc. (17) Kumar, S. K.; Amador, M.; Hidalgo, M.; Bhat, S. V.; Khan, S. R.

2002 124, 717. Bioorg. Med. Chem2005 13, 2873.
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2,5-dimethoxybenzyl bromide, which was then reacted with TABLE 1. Photochemical Release of Substrates from Caged
sodium 2-phenylethoxide in THF. 2,5-Dimethoxybenzyl deriva- Compounds 3a-d and 4a,b

tives 9a,c,d were converted into the corresponding quinones dimadiaon @ yield of the  vyield of quinone
7a,c,d by oxidation with cerium ammonium nitrate (CAN. solvent (hm) (%) substrate (%) 6 or6n (%)
p-Chlorophenol was caged using a different approach: bis- 3a MeOH 300 19 79 28
TBDMS-protected 2,5-dihydroxybenzyl alcohdl(j was pre- MeCN/HO0* 300 30 80 traces
pared by TBDMS protection and subsequent sodium borohy- 3P MeOH 300 31 49 14
arid ducti £ 25 dihvd b ldehvde (Sch 4 MeOH/H,0? 300 50 58(84) 26
ride reduction of 2,5-dihydroxybenzaldehyde (Scheme 4). 3. yeoH 300 6 59 21
Alcohol 10 was coupled withp-chlorophenol under modified MeCN/H,02 300 11 55 traces
Mitsunobu conditiond? TBAF-promoted deprotection of the  3d H:0 300 31  quantitative traces
resulting hydroquinonel(l) produced 2-(4-chlorophenoxym- 42 mgg: ggg 221) gg ‘3‘2
ethyl)-1,4-benzohydroquinon@&lf) in a good yield. MeCN/H,O* 300 20 87 traces
a MeCN/H,0? 350 25 70 traces
SCHEME 4 4b  MeOH 350 7 85 traces
oTBS oTBS

OH a1/1 ratio.? 40% conversion.
CHO CHOH o c
—
o cl benzoic acid. We believe that relatively low quantum and
1

oTBS OTBS chemical yields of substrate release fr@emcan be explained
10 by energy transfer from the caging chromophore to the benzoate
aReagents and conditions: (a) (i) TBDMSCI, imidazole, DMF; (i) ~Moiety. Pivalic acid, for which such process is not viable, was
NaBH,;, MeOH 79%); (b)p-CIC¢H4OH, ADDP, n-BusP, benzene 98%; (c) deprotected quantitatively. Yield pfchlorophenol at complete
TBAF, THF 88%. consumption of3b was in the range of 5660%, and HPLC
. . analysis of the reaction mixture indicated the presence of
2,5-Dihydroxybenzyl-caged compoungia—d are stable in numerous minor byproducts. This can be explained by secondary
the dark in neat form, as well as in acetonitrileater or — yhatochemical decomposition of the phenol since its longer
methanol solutions. UV spectra of these compounds exhibit awavelength bandifax= 290 nm, dotted line in Figure 1) over-
characteristic band of the 2,5-dihydroxybenzyl groupmai = laps with emission of the source. In fact, the yieldpethloro-
297 nm. The expected product of the uncaging reaction, methyl phenol at 40% conversion @b was above 80% (Table 1).
p-benzoquinon_ed), on other hand, has little absorption at this In an attempt to shift the absorbance of the caging chro-
wavelength (Figure 1). _ _ mophore to longer wavelengths, we have explored photochemi-
Irradiation of ca. 0.001 M solutions of compoun@s—d in 5| properties of the naphthalene analogue of 2,5-dihydroxy-
various solvents using 300 nm light resulted in the rapid benzyl cage. Preparation of (1,4-dihydroxy-2-naphthyl)methyl-

bleaching o_f 297 nm band and the formation_ of a new band at caged 2-phenylethanatg) andp-chlorophenol 4b) was similar
246 nm, which corresponds to metlybenzoquinoneg, Figure to the synthesis o8a (Scheme 5).
2). The release of substrates was monitored by HPLC or GC,

while the quantum yields of uncaging were calculated using SCHEME 52
chemical actinometd (Table 1). OMe OMe OR 0O OR

CH,OH b .
OH OCH,CH,Ph OO —a, OO . O‘ — 4ab
(o]

hv
OMe OMe
Every 5 min 12 13a,b

14a,b

-
o
1

OH

3a aReagents and conditions: (a) (i) GBPPh, CHCN; (i) R =
PhCHCH;y: BuLi, 2-phenylethanol, THF 63%; or R p-CICsHa: NaxCOs,
p-chlorophenol, THF 92%; (b) CAN, GIEN, 87-92%; (c) NaS;04, H20/

] CHCl; 90-929%.

Absorbance

'
(&,
1

1,4-Dimethoxy-2-naphthylmethandld), which was prepared
l from 1,4-dihydroxy-2-naphthoic acidwas treated with carbon
tetrabromide in the presence of triphenylphosphine to give
2-bromomethyl-1,4-dimethoxynaphthalene. Reaction of the latter
with 2-phenylethoxide op-chlorophenolate in THF produced
ethersl3aor 13b, respectively. Quinonekdab were obtained
by oxidative deprotection of the methoxy groupsl®ab and
FIGURE 2. Photolysis of 5x 105 M methanol solutions o8a. then reduced to target hydroquinorisb with sodium dithion-

ite (Scheme 5).

Photodeprotection of 2,5-dihydroxybenzyl-caged substrates The absorbance of the (1,4-dihydroxy-2-naphthyl)methyl
is quite efficient (300 nm = 0.2—0.5), with the exception of ~ chromophore extends up to 400 nm, allowing for the use of
longer wavelengths for uncaging than in the case of the 2,5-
(18) Jacob, P., lil; Callery, P. S.; Shulgin, A. T.; CastagnoliJNOrg. dihydroxybenzyl chromophore (Figure 3). Irradiation4af at

Ch(elrgleg;gk“ﬁ 35_21'“ 3 Cho, H.-Getrahedron Lett1094 35, 5997 either 300 or 350 nm results in bleaching of the starting material

(20) Murov, S. L.; Carmichael, I.; Hug, G. L. IHandbook of
PhotochemistryMarcel Dekker: New York, 1993; p 299. (21) Flader, C.; Liu, J.; Borch, R. B. Med. Chem200Q 43, 3157.

0.0 i . . pe——
250 300 350
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SCHEME 6
? OH OMe OH
H OCH,CH,Ph
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In a sharp contrast with a previous experiment, the reaction
FIGURE 3. UV spectra of 5x 1075 M methanol solutions ofla mixture did not contain compoundsor 15 after 1 h of steady-
recorded after 0, 1, 3, 5, 7, 10, and 15 min of irradiation. state irradiation of a methanol solution 8& with 450 W

medium-pressure Hg lamp. 2,5-Dihydroxybenzaldehyt®) (
(Figure 3) and efficient deprotection of the substrate (Table 1). and methylp-hydroquinone 17) were only isolated byproducts.
In aqueous acetonitrile, release of 2-phenylethanol is almost These observations suggest that quin@nexidizes methyl
quantitative, while yields are slightly lower in methanol. benzyl etherl5 to aldehydel6 in a photochemically driven
Photolysis of (1,4-dihydroxy-2-naphthyl)methyl-cagedhlo- redox reaction. Quinoné is observed by HPLC in low
rophenol4b at 350 nm regenerated the substrate in 85% yield conversion photolysis dda in aqueous acetonitrile. However,
at full conversion. This result supports the suggestion that poor only 16 and 17 were isolated after complete uncaging of the

yield of p-chlorophenol in high conversion photolysis 3l is substrate. The faster consumption of benzoquinde ir{
due to secondary photochemical transformations of the substrateaqueous solutions is apparently due to the fact that 2,5-
(Table 1). dihydroxybenzyl alcohol3, R = H), which is expected to be

Overall, irradiation of (1,4-dihydroxy-2-naphthyl)methyl- produced in the presence of water, undergoes much faster
caged substrates produces somewhat higher yields of substratexidation than methyl ethet5. In fact, direct irradiation of
release than 2,5-dihydroxybenzyl-protected hydroxy compounds methanol solution 06 and 2,5-dihydroxybenzyl alcohol at 300
(Table 1). However, the former are less stable and undergo slownm results in the formation df6 and 17.
decomposition in aqueous solutions and in the solid state under
ambient conditions. We are currently exploring analogues of Conclusions
4a with various substituents on the naphthalene ring in an _ _ _
attempt to enhance the stability of (1,4-dihydroxy-2-naphthyl)- ~ Two novel photolabile protecting groups, 2,5-dihydroxyben-
methy|_caged Compounds_ Zyl anq (1,4-d|hydroxynaphthyl)methyl, were tested for Caging

Naphthoquinone precursofistab, on the other hand, are  Of various hydroxy groups. 2,5-Dihydroxybenzyl and (1,4-
perfectly stable in solution and in the solid state. The photo- dihydroxynaphthyl)methyl-caged aliphatic acids, phenols, and
chemical stability of quinones7ac,d and 14ab is also alcohol derivatives efficiently release the substrate upon ir-
noteworthy. Irradiation of these compounds at 300 or 350 nm radiation at 300 or 350 nm in a good to excellent yield.
for the period of time required for the complete consumption Photodeprotection is accompanied by substantial bleaching,
of 3a,c,d and4a,b does not result in any detectable decomposi- allowing for the use of a higher substrate concentration. Alcohols
tion of quinones or release of the caged substrates. Sincecan be directly caged with these PPGs without the necessity of
quinones7a,c,d and14ab are quantitatively reduced to target & carbonate linker. This enhances the hydrolytic stability of
hydroquinones3a,c,d and 4ab under very mild conditions, ~ caged alcohols and makes fast £ 1 us) release of the
stable protecting groups ihand14 can be “armed” in situ by substrates .pOSS|bIe. QUInOI’]e preCUI‘SOI’S of 2,5-d|hydroxyben2y|
using a suitable reducing agent. and (_1,4-d|hydroxynaphth-_Z-yI)methyI cages are photochem|-

The release of hydroxy compounds from caged precursors cally inert but can be quantitatively converted into photoreactive
3a—d and4a)b is accompanied by pronounced bleaching, but form using mild reducing agents. Our current work is focused
expected 2-methyl benzoquinor@ (s formed in surprisingly ~ On the mechanism and dynamics of the photorelease and on
low yield (Table 1). To test whethe undergoes subsequent the tuning of photochemical properties of this novel class of
photoconversion under steady-state irradiation, we have con-Protecting groups.
ducted preparative photolyses 84 under various conditions.

Irradiation of3ain the flow photoreactd? allowed us to achieve  Experimental Section
complete conversion of the starting material but limit exposure . .
of the photoproducts. Only methyk-quinone 6) and 2,5- ~ General Procedure for the Conversion of Dlmethquarenes.

. . into Quinones. 2-(Phenethyloxymethyl)-1,4-benzoquinone (7a):
dihydroxybenzyl methyl ethet5, along with 2-phenylethanol,  an aqueous solution of cerium ammonium nitrate (2.74 g, 5 mmol)
were isolated from the photolysate. Eth5 is apparently  \yas added to a solution 8& (231 mg, 0.77 mmol) in acetonitrile
formed by a competitive nucleophilic addition of methanol to (25 mL) and stirred at room temperature for 30 min. The reaction
the transient quinone methide(Scheme 6). mixture was extracted with ether; the combined organic layers were
washed with brine and dried over p&O,, and solvents were

(22) Hook, B. D. A.; Dohle, W.; Hirst, P. R.; Pickworth, M.; Berry, M. removed in vacuo. Chromatographic purification (hexane/ether
B.; Booker-Milburn, K. I.J. Org. Chem2005 70, 7558. 4:1) gave 148 mg (0.61 mmol, 79%) of quinora as a bright
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yellow oil; 7c yellow oil, 71%; 7d yellow oil, 73%; 14a yellow 1:1) gave 128 mg (0.53 mmol, 99%) 8@ as white solid;3c

crystals, 87%;14b yellow crystals, 92%. colorless oil, 99%3d colorless oil, 97%4a air-sensitive white
General Procedure for the Reduction of Quinones to Hyd- solid, 90%;4a air-sensitive white solid, 92%.

roquinones. 2-Phenethyloxymethylbenzene-1,4-diol (3ak solu-

tion of sodium dithionite (870 mg, 5 mmol) in 25 mL of water Acknowledgment. Authors thank the NSF (CHE-0449478)

was added to a solution % (128 mg, 0.53 mmol) in 25 mL of  and Georgia Cancer Coalition for the support of this project.
chloroform. The mixture was vigorously stirred until the complete

disappearance of yellow color. One hundred milliliters of 10%
aqueous ammonium chloride was added to the reaction mixture
and the aqueous layer was extracted with ethex &0 mL). The
combined organic layers were washed with 10% aqueous am-
monium chloride (2x 50 mL) and dried over N&O,, and solvents
were removed in vacuo. Column chromatography (hexane/ether J0O701426J

Supporting Information Available: Preparative procedures,
'analytical data, antH and'3C NMR spectra of newly synthesized
compounds. This material is available free of charge via the Internet
at http://pubs.acs.org.
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