
DOI: 10.1002/chem.200501393

o-Nitrobenzyl Photolabile Protecting Groups with Red-Shifted Absorption:
Syntheses and Uncaging Cross-Sections for One- and Two-Photon Excitation

Isabelle Aujard,[a] Chouaha Benbrahim,[a] Marine Gouget,[a] Odile Ruel,[a]

Jean-Bernard Baudin,[a] Pierre Neveu,[a, b] and Ludovic Jullien*[a]

Introduction

Photolabile protecting groups have numerous applications
in chemistry.[1–3] The removal of this category of protecting
groups is “clean”: in contrast to most other protecting strat-
egies, release of the protected (“caged”) substrate requires
no added reagent, only light. This feature is particularly fa-

vorable if access to the reaction site is difficult, or if chemi-
cal reagents are of restricted use. This is, for instance, the
case with living organisms. In such systems, addressing bio-
logical issues often requires delivery of biologically active
species at a given time and to a given location. This may be
achieved by manipulating microsyringes. A noninvasive al-
ternative involves adding to the biological medium caged
compounds that reveal their biological activity only upon il-
lumination. A pulse of a focussed laser beam provides tem-
poral and spatial control over the delivery of the biologically
active substrates.[4]

To be useful in biological experiments, a caging group
must fulfil various requirements. Some of these deal with
nonphotophysical aspects, such as access of the caged sub-
strates to the biological targets, or the absence of any
“dark” biological activity. Others depend directly on photo-
physics and photochemistry: photolysis of the caging group
must be nondetrimental to the biological system, and it
must occur faster than the process under investigation. The
large number of engineering constraints has led to the con-
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tinuous introduction of new types of photolabile protecting
groups.[2,3,5–12]

Most caging groups absorb ultraviolet (UV) light. This is
a major drawback if substrate release is induced by one-
photon excitation. Indeed, the ubiquitous presence of UV
light is damaging to cells as it is absorbed by intrinsic biolog-
ical chromophores, especially DNA. A less-damaging re-
lease approach relies on two-photon infrared (IR) excita-
tion. In addition to the better transparency of biological
media to IR light, two-photon excitation confines substrate
activation to the focal point of a laser beam, and the three-
dimensional resolution achieved is higher than that with
one-photon excitation. The efficiency of a protecting group
that is photolabile upon two-photon excitation is evaluated
by its action uncaging cross-section for two-photon excita-
tion, duF

ð2Þ
u . This value is the product of the cross-section for

two-photon absorption that leads to uncaging, du, and the
quantum yield of uncaging after two-photon excitation, Fð2Þ

u .
Although highly desirable for biological applications, im-
proving the efficiency of a photolabile protecting group
upon two-photon excitation remains difficult. Indeed, there

are no reliable rules for predicting the cross-section for two-
photon absorption of a chromophore from its structure. In
addition, it is difficult to predict the quantum yield of uncag-
ing after two-photon excitation, even if the corresponding
quantum yield of uncaging after one-photon excitation, Fð1Þ

u ,
is known. Indeed, the mechanism leading to uncaging could
depend on the excitation mode. According to biological ap-
plications, duF

ð2Þ
u should exceed 0.1 Goeppert–Mayer

(GM)[7] or 10 GM,[13] for which one GM unit is defined as
10�50 cm4 sphoton�1. The 1 GM range has already been ob-
tained.[7,8,14] In principle, 10–100 GM ranges in wavelength
available from current-pulsed IR laser sources could be
reached for reasonably “small” molecules by combining the
largest ever observed values for the cross-section for two-
photon absorption[15,16] with the uncaging quantum yields.

Among the available photoremovable protecting groups,
the 2-nitrobenzyl functionality has gained wide acceptance
and most of the caged biologically active compounds that
have been synthesized belong to this series.[13,17–23] The
mechanism leading to the photolytic release of the protected
substrate has been extensively investigated both experimen-
tally[24–26] and theoretically.[27] In contrast, 2-nitrobenzyl
caged compounds have not attracted considerable attention
regarding biological applications that rely specifically on
two-photon excitation. In fact, the most widely used 2-nitro-
benzyl protecting moieties require the blue edge of the
wavelength range that is available with the laser sources
commonly used for two-photon excitation. In addition, they
exhibit rather small action uncaging cross-sections for two-
photon absorption. For instance, duF

ð2Þ
u �0.01 GM within the

700–750 nm range for the most popular 4,5-dimethoxy-2-ni-
trobenzyl group.[7,28]

The present paper examines the 2-nitrobenzyl platform to
conceive photolabile protecting groups with improved per-
formances relying on both one- and two-photon excitation.
The syntheses of two series of 2-nitrobenzyl alcohols is de-
scribed. In the first series, we modified the backbone conju-
gated to the nitro group, with the aim of enlarging the maxi-
mum wavelength of absorption as well as the corresponding
molar absorption coefficient.[29] We evaluated independently
the significance of a benzylic substituent in the second
series.[5,10,30] We then synthesized two series of caged model
compounds that result from the protection of a phenol or a
carboxylic acid group, respectively, and report the linear ab-
sorption and emission properties of these synthesized spe-
cies. The action uncaging cross-sections for one- and two-
photon excitation were measured. The latter were obtained
by a new method based on fluorescence correlation spec-
ACHTUNGTRENNUNGtroscopy (FCS) after two-photon excitation.

Design

Protecting groups : We designed two independent series of
protecting groups based on the 2-nitrobenzyl platform. In
principle, these were conceived to facilitate the design of im-
proved protecting groups of second generation by combin-
ing the information collected from each series.
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tion apr!s excitation # un photon a �t� �tudi�e par absorption
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pour mesurer les sections efficaces de photod�protection
apr!s excitation # deux photons. Celles de la s�rie de couma-
rines fluorescentes cag�es par nos groupements protecteurs o-
nitrobenzyliques se situent dans la gamme 0.1–0.01 GM. Ces
r�sultats sont en accord avec les faibles valeurs des rende-
ments quantiques de photod�protection associ�es # des sec-
tions efficaces d%absorption biphotoniques d%environ 1–
50 GM. Alors qu%il est ais� d%augmenter les sections efficaces
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In view of the wavelength range currently available with
the common IR pulsed-laser sources, we were first con-
cerned with red-shifting the UV absorption of the parent
chromophore. Taking into account the presence of the elec-
tron-attracting nitro substituent on the aromatic ring, we
grafted several conjugated electron-releasing moieties on
the cycle.[29] In addition, we introduced different conjugated
paths between the donor and the acceptor groups. Beyond
the anticipated red-shift, the corresponding donor–acceptor
conjugated chromophores were expected to exhibit im-
proved cross-sections for absorption at one- and two-
photon.[31,32] Scheme 1 displays the different backbones that
were evaluated in the present study.

In parallel, we were also concerned with a possible drop
in the quantum yield of uncaging that could be associated

with a red-shift of the absorption of the 2-nitrobenzyl pro-
tecting group. In fact, it was already known that the typical
quantum yield of uncaging after one-photon absorption,
Fð1Þ

u , is reduced by more than one order of magnitude upon
going from the 2-nitrobenzyl (Fð1Þ

u �0.1) to the 4,5-dime-
thoxy-2-nitrobenzyl group (Fð1Þ

u �0.005).[7] Therefore, we
also examined the effect of introducing a substituent at the
benzylic position of the 2-nitrobenzyl protecting group. In
fact, different reports suggested using this strategy to pro-
vide significant improvements over the parent com-
pounds.[5,10, 30] In view of the nature of the substituents used
in the latter studies, we chose to introduce electron-attract-
ing substituents at the benzylic position of the popular 4,5-

dimethoxy-2-nitrobenzyl group.
Scheme 2 shows the second
series of molecules that were
synthesized.

Caged model compounds : The
design of the caged substrates
was first governed by the
nature of the groups to be pro-
tected. We chose to cage alco-
hol/phenols as well as carboxyl-
ic acids in view of the presence
of both functions in many bio-
logically active molecules. We
additionally favored absorption

and fluorescence emission of
the caged substrates to access
the action uncaging cross-sec-
tions for one- and two-photon
excitation. This method re-
quires consideration of the cor-
responding quantum yields of
uncaging, as the photochemistry
leading to substrate release
may depend on the caged sub-
strates (see below). At the
same time, physicochemical ex-
periments are facilitated, espe-
cially if two-photon excitation
is used.

We first screened the series
displayed in Scheme 1 by inves-
tigating the photolysis after
one-photon absorption of caged
derivatives of p-nitrophenol 11
(series nb). In its acidic state or
as an alkyl ether, p-nitrophenol
absorbs light of around 300 nm
wavelength. In contrast, above
its pKa, p-nitrophenol exhibits a
strong absorption that is red-
shifted relative to the caged
phenol ethers nb, as well as to

the subproducts that originate from the protecting group
after photolysis. Thus, the action uncaging cross-section for
one-photon excitation can be readily evaluated from the
UV-visible absorption spectra.

We subsequently designed caged fluorescent compounds
to measure the action uncaging cross-section for two-photon
absorption for these protecting groups with sufficiently large
molar-absorption coefficients above 350 nm. In fact, such
donor–acceptor chromophores generally exhibit maxima of
two-photon absorption, lð2Þmax, at wavelengths close to twice
the corresponding maxima of one-photon absorption,
lð1Þmax.

[31,32] In addition, the currently accessible excitation
wavelength range for most femtosecond pulsed-laser sources

Scheme 1. Generic structures of the first series of caging agents and caged model compounds.

Scheme 2. Generic structures
of the second series of caging
agents and caged model com-
pounds.
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that are used for two-photon applications is 700–1000 nm.
We chose to cage a fluorescent coumarin carboxylic acid 12
(series nc ; Schemes 1 and 2). Its favorable photophysical
features made it possible 1) to investigate its release by
monitoring UV-visible absorption and fluorescence emission
during the experiments relying on one-photon absorption;
2) to develop a new protocol for measuring the action un-
caging cross-section for two-photon absorption that relies
only on the observation and analysis of fluorescence emis-
sion from the focal point of the laser.

Syntheses

Photolabile protecting groups : 2-Nitrobenzyl alcohols were
chosen as synthetic entries for the protecting groups based
on the 2-nitrobenzyl platform (Scheme 3).

The 5-chloro-2-nitrobenzyl 1a, 5-hydroxy-2-nitrobenzyl
2a, and 4,5-dimethoxy-2-nitrobenzyl 4a alcohols were com-
mercially available. 5-Methoxy-2-nitrobenzyl alcohol 3a was
obtained by alkylation of the
phenol 2a with methyl iodide in
the presence of dry potassium
carbonate in acetone in 50 %
yield. The reduction of the
commercially available 5-
amino-2-nitrobenzoic acid with
borane in THF gave 5-amino-2-
nitrobenzyl alcohol 5a in 83 %
yield.[33] The 2-nitrobenzyl alco-
hols 7a, 8a, and 9a were ob-
tained from reaction of appro-
priate synthons with the 5-iodo-
2-nitrobenzyl alcohol inter-
mediate IIa. The latter was ob-
tained in two steps from 5-
amino-2-nitrobenzoic acid by
1) diazotation with tert-butyl ni-
trite followed by nucleophilic
substitution with iodide to pro-
vide 5-iodo-2-nitrobenzoic acid
I (yield: 65 %);[34] 2) reduction
by borane in THF (yield:
90 %).[33] Compounds 7a, 8a,
and 9a were synthesized by
coupling IIa with 4-methoxy-
phenylboronic acid, 4-ethynyla-
nisole, and 4-methoxystyrene,
respectively, in the presence of
a palladium catalyst to give
yields of 78, 89, and 34 %, re-
spectively.

The synthesis of {5-[5-(4-me-
thoxyphenyl)oxazol-2-yl]-2-ni-
trophenyl}methanol (10a)
relied on the condensation be-
tween 4-methoxy-2’-aminoace-
tophenone and acetic acid 5-

chlorocarbonyl-2-nitrobenzyl ester VII (Scheme 4). The
latter was obtained in five steps from 3-methyl-4-nitrobenzo-
ic acid: 1) esterification with methanol gave 3-methyl-4-ni-
trobenzoic acid methyl ester III (yield: 79 %);[35] 2) the ester
III was brominated by N-bromosuccinimide (NBS) to afford
3-bromomethyl-4-nitrobenzoic acid methyl ester IV (yield:
12 %);[35] 3) IV was subsequently hydrolyzed to provide 3-
hydroxymethyl-4-nitrobenzoic acid V (yield: 84 %); 4) the
benzylic alcohol V was esterified by acetic anhydride in
THF to give the corresponding acetate, 3-acetoxymethyl-4-
nitrobenzoic acid VI (yield: 92 %); 5) VI was eventually
treated by thionyl chloride to yield VII in quantitative yield.
Acetic acid 5-[2-(4-methoxyphenyl)-2-oxo-ethyl carbamoyl]-
2-nitrophenyl ester VIII was prepared from VII and 4-me-
thoxy-2’-aminoacetophenone in 71 % yield. Then VIII was
dehydrated in phosphoryl chloride to give acetic acid 5-[5-
(4-methoxyphenyl)-2-oxazol-2-yl]-2-nitrobenzyl ester IX
(yield: 36 %) that was eventually hydrolyzed to provide 10a
in 13 % yield.

Scheme 3. Syntheses of the caging agents of the first series.

Scheme 4. Synthesis of 10a.
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The syntheses of the 2-nitro-
benzyl alcohols substituted in
the benzylic position: 4Fa,
4Cla, 4Bra, and 4CNa, pro-
ceeded via the same 4,5-dime-
thoxy-2-nitrobenzaldehyde in-
termediate (Scheme 5). 2,2,2-
Trifluoro-1-(4,5-dimethoxy-2-
nitrophenyl)ethanol 4Fa and
hydroxy(4,5-dimethoxy-2-nitro-
phenyl)acetonitrile 4CNa were prepared by reaction of 4,5-
dimethoxy-2-nitrobenzaldehyde with (trifluoromethyl) tri-
methylsilane[36] and trimethylsilane cyanide, respectively, in
THF in 80 and 90 % yield. Condensation of chloroform on
4,5-dimethoxy-2-nitrobenzaldehyde in the presence of 1,8-
diazabicyclo ACHTUNGTRENNUNG[5.4.0]undec-7-ene (DBU) gave 2,2,2-trichloro-
1-(4,5-dimethoxy-2-nitrophenyl)ethanol 4Cla in 98 %
yield.[37] Eventually, 2,2,2-tribromo-1-(4,5-dimethoxy-2-nitro-
phenyl)ethanol 4Bra resulted from the decarboxylative con-
densation of tribromoacetic acid on 4,5-dimethoxy-2-nitro-
benzaldehyde, in 88 % yield.[38]

Caged model compounds : With the exception of 6b, the 2-
nitrobenzyl ethers of p-nitrophenol, nb, were obtained from
the Mitsunobu reaction[39,40] between p-nitrophenol 11 and
the corresponding 2-nitrobenzyl alcohols, na, in moderate to
good yields (Scheme 6). In contrast, 1-(4-nitrophenoxymeth-
yl)-5-(N-methylpiperazine)-2-nitrobenzene 6b was prepared
directly from the nucleophilic substitution of 1-methylpiper-
azine on 1-(4-nitrophenoxymethyl)-5-chloro-2-nitrobenzene
1b (78 % yield).[29]

The 2-nitrobenzyl esters of the coumarine 12[41] were ob-
tained by condensation between 12 and the corresponding
2-nitrobenzyl alcohols na (n= II, 4, 4F, 4Cl, 4Br, 4CN, 5,
10) in the presence of N,N’-dicyclohexylcarbodiimide (DCC)
(Scheme 7).

Results

Linear absorption and emission properties

One-photon absorption : Here, we focus on the absorption
properties of the 2-nitrobenzyl alcohols na. In fact, many
substrates of biological interest do not absorb light of wave-
lengths within the range of absorption of the present 2-nitro-
benzyl protecting groups.

The series of 2-nitrobenzyl alcohols na displayed in
Scheme 1 exhibits one-photon absorptions within the UV
range (Figure 1 and Table 1). The longest maximum wave-
lengths of absorption were observed for 9a and 10a (lð1Þmax

�370 nm). In fact, the absorption band of both compounds
extends up to 450 nm, as shown in Figure 1. Their molar ab-
sorption coefficients at the wavelength of maximum absorp-
tion are significantly larger than that of the reference deriv-
ative 4a : e(lð2Þmax)�2 Q 104

m
�1 cm�1 versus 6 Q 103

m
�1 cm�1. In

addition, it remains larger than 104
m

�1 cm�1 at 400 nm
(Table 1). The maximum wavelength of absorption, as well
as the molar absorption coefficient, of the 5-amino-2-nitro-
benzyl alcohol 5a are also noticeably larger than those of
4a. As shown in Figure 1 and in Table 1, the triple-bond-
containing alcohol 8a absorbs within the same range of
wavelengths as 4a, albeit more intensively. As anticipated
from the lower donating power of the donor conjugated to
the nitro group, the other alcohols essentially absorb light at
significantly shorter wavelengths than 4a.

Except for some possible hypochromic or hyperchromic
effects, the absorption spectra of the caged compounds com-
pare satisfactorily with the sum of the respective absorption
spectra of the o-nitrobenzyl moiety na and of the caged sub-
strate. The absorption properties of these caged substrates
can be compared to those of 3a (nb series), or to the acidic
state of 12 (nc series). In particular, we did not observe any
alteration of band shape that could evidence a regime of

strong coupling between the
two chromophores that are
present in both nb and nc
series.[42] Chromophore coupling
was already invoked to account
for a rather singular uncaging
behavior in a 2-nitrobenzyl
ester of a coumarin.[43]

Steady-state fluorescence emis-
sion : The fluorescence emission

Scheme 5. Syntheses of the caging agents of the second series. TBAF=

tetrabutylammonium fluoride, DMSO=dimethyl sulfoxide.

Scheme 6. Syntheses of the caged derivatives of the model phenol 11. DEAD=diethyl azodicarboxylate.

Scheme 7. Syntheses of the caged derivatives of the model carboxylic acid 12. DMAP=4-dimethylaminopyri-
dine.
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of caged compounds may be significant for diverse applica-
tions. For instance, in biology, it may be essential to avoid
any interference between the fluorescence emission from
the starting caged molecule and that from the released sub-
strate (tracer applications) or from any species produced
after substrate release (detection of a biological response to
a stimulus).

As shown in Table 1, the fluorescence emission of the 2-
nitrobenzyl esters nc occurs at wavelengths similar to those
for the case of the acidic state of 12, which is a good photo-

physical model for esters of 12. In contrast, the quantum
yields of fluorescence emission from the nc caged coumarins
are about one order of magnitude lower than the quantum
yield of fluorescence of the acidic form of 12. This observa-
tion probably reflects the quenching of the coumarin emis-
sion by the nitro group.[43] Beyond its relevance to the appli-
cations mentioned above, this latter feature is favorable in
the application of the method of measurement of the action
uncaging cross-section for two-photon excitation that we in-
troduce below.

Irradiation experiments with one-photon excitation : The
model that was used to analyze the kinetics of uncaging of
the nb and nc caged derivatives is detailed in the Experi-
mental Section. In principle, the analysis is much simplified
if excitation is performed at an isosbestic point in the ab-
sorption spectrum during the photoconversion of a caged
compound into the released substrate. Nevertheless, the ex-
citation wavelength lð1Þexc plays no significant role as long as
the total absorbance at the corresponding wavelength re-
mains significantly lower than a value of one.[44] We paid at-

tention to fulfil the preceding
condition for the present ex-
periments. All irradiations with
one-photon excitation that are
reported were performed at
lð1Þexc=325 nm in acetonitrile/
20 mm Tris pH 9 buffer 1:1
(v/v).

Figures 2a and 3a display
typical evolutions of the ab-
sorbance of solutions of 8b and
8c, respectively, as a function
of time upon illumination at
325 nm. In Figure 2a, one ob-
serves the continuous drop in
the absorption of 8b and an in-
crease in absorbance within the
400 nm range that is in line
with the absorption properties
of the released 4-nitrophenate
anion originating from 11 (see
Table 1). In Figure 3a, the ab-
sorbance of 8c decreases as a
function of time and the ab-
sorbance that progressively in-
creases at around 400 nm is in

agreement with the formation of the released basic state of
the coumarin 12. In the case of 8c, it is also possible to
follow the evolution of the system by monitoring fluores-
cence emission. Irradiation is associated here with an in-
crease and a blue-shift of fluorescence emission, both of
which are expected upon releasing the basic state of the
coumarin 12.

As shown in Figure 2b, the temporal evolutions of the ab-
sorbances within the respective wavelength ranges of ab-
sorption for 8b and for the 4-nitrophenate anion were fitted

Figure 1. Photophysical properties of 4 (d and *), 8 (g and &), 9
(b and ~), and 10 (c and ^) at 293 K. Single-photon absorption (na
series; molar absorption coefficient e in m

�1 cm�1; lines) and action uncag-
ing cross-section for two-photon excitation (nc series; duF

ð2Þ
u in mGM;

symbols). Solvent: acetonitrile (one-photon excitation) and acetonitrile/
Tris pH 9 buffer (20 mm) 1:1 (v/v) (two-photon excitation).

Table 1. Absorption and emission properties of the caging agents na and of the caged model compounds nb
and nc. Maxima of single-photon absorption lð1Þmax and of steady-state fluorescence emission after one-photon
excitation lð1Þem, molar absorption coefficients for single-photon absorption at l(1), e(l(1)) (�5 %), quantum
yields of fluorescence after one-photon excitation Fð1Þ

F (�10 %). Solvent: acetonitrile for measurements for na ;
acetonitrile/Tris pH 9 buffer (20 mm) 1:1 (v/v) in all other cases.

n lð1Þmax(na)
[nm]

e(lð1Þmax), e(350),
e(400) (na) [mm

�1 cm�1]
lð1Þmax [e(lð1Þmax)](nb)
[nm] [mm

�1 cm�1]
lð1Þmax [e(lð1Þmax)](nc)
[nm] [mm

�1 cm�1]
lð1Þem [Fð1Þ

F ](nc)
[nm] [%]

1 272 6, 0.4, 0.03 300 [14] – –
2 310 9, 3, 2 – – –
3 310 8, 2, 0.07 309 [21.9] – –
4 348 6, 6, 2 311 [17.9] 421 [18] 472 [0.4]
4F 342 5, 5, 1 – 433 [28] 473 [0.1]
4Cl 345 6, 6, 1 – 433 [29] 473 [0.1]
4Br 343 6, 6, 1 – 433 [27] 473 [0.2]
4CN 346 5, 5, 1 – 434 [20] 475 [0.2]
5 367 16, 14, 6 374 [14.5] 426 [23] 472 [0.4]
6 – – 394 [16.3] – –
7 336 14, 12, 1 317 [29.0] – –
8 348 19, 19, 4 320 [19.2] 427 [49] 472 [0.2]
9 370 24, 20, 16 375 [23.4] 424 [47] 469 [0.05]
10 371 19, 16, 13 – 425 [46] 467 [0.02]
11 – – 403 [16][a] – –
12 – – – 405 [27][a,b] 463 [8.5][a,b]

[a] Values obtained in acetonitrile/Tris pH 9 buffer (20 mm) 1:1(v/v) for 11 and 12. [b] In acetonitrile/Tris pH 2
buffer (20 mm) 1:1 (v/v) in which the acidic state is present, we observed lð1Þmax [e(lð1Þmax)]=422 [35] and lð1Þem

[Fð1Þ
F ]=474 [2].
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satisfactorily with Equation (8) derived from the kinetic
model (see Experimental Section). We calculated the fol-
lowing respective rate constants for photolysis: 7.9�0.8 Q
10�3 min�1 (analysis at 348 nm) and 6.2�0.6 Q 10�3 min�1

(analysis at 395 nm). These values were in reasonable agree-
ment and the average was accordingly used for further treat-
ments. Similar behaviors were observed for the whole series
of irradiation experiments performed on the nb caged
ethers. Table 2 summarizes the values of the action uncaging
cross-section for one-photon excitation at lð1Þexc=325 nm in
the nb series, eu(325)Fð1Þ

u (nb). Photolysis rates that were too
low rendered it impossible to measure reliably the corre-
sponding action uncaging cross-section for one-photon exci-
tation for the amino caged ethers 5b and 6b, as well as for
the double-bond-containing derivative 9b.

As illustrated in Figure 3c, the evolution of the absorb-
ance and the fluorescence emission as a function of time
were also accounted for satisfactorily by Equations (8,9) in

the series of caged coumarin nc. The rate constants that
were obtained from the analysis of the absorbance and of
the fluorescence emission were in good agreement. For in-

Figure 2. One-photon irradiation (lð1Þexc=325 nm) of a 4.9 mm solution of
8b in acetonitrile/20 mm Tris pH 9 buffer 1:1 (v/v) at 293 K. a) Evolution
of the UV-visible absorption spectra of the solution as a function of time
(t(min)=0, 17, 30, 45, 60, 75, 92, 107, 127, 150, 946); b) logarithmic plot
of the total absorbance at 348 nm (*, c) and at 395 nm (&, g) as a
function of time. Symbols: experimental points; lines: fits according to
Equation (8), to give k=7.9�0.8 Q 10�3 min�1 (348 nm) and k=6.2�0.6Q
10�3 min�1 (395 nm).

Figure 3. One-photon irradiation (lð1Þexc=325 nm) of a 3.3 mm solution of
8c in acetonitrile/20 mm Tris pH 9 buffer 1:1 (v/v) at 293 K. a) Evolution
of the UV-visible absorption spectra of the solution as a function of time
(t(min)=0, 15, 30, 45, 60, 75, 90, 105, 120, 998); b) evolution of the fluo-
rescence emission spectra of the solution as a function of time (t(min)=
0, 15, 30, 45, 60, 75, 90, 105, 120, 998) (lð1Þexc=325 nm); c) logarithmic plot
of the total absorbance at 425 nm (*, c) and of the fluorescence emis-
sion at 460 nm (&, g) as a function of time. Symbols: experimental
points; lines: fits according to Equations (8,9) to give k=1.4�0.1Q
10�3 min�1 from both fits.
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stance, we calculated the same value for the rate constant
for uncaging after one-photon excitation: 1.4�0.1 Q
10�3 min�1 from both analyses in the case of 8c. Table 2 dis-
plays the values of the action uncaging cross-section for
one-photon excitation at lð1Þexc=325 nm in the nc series,
eu(325)Fð1Þ

u (nc). The larger variation in the signal in the irra-
diation experiments made analysis possible during even the
slowest evolutions.

Irradiation experiments with two-photon excitation : Two ap-
proaches have been used already to determine the action
uncaging cross-section for two-photon absorption, duF

ð2Þ
u . In

the most general approach,[7,8,43] the caged compound at a
typical concentration of 100 mm is submitted continuously to
the rather large power input (300–600 mW) of the focussed
beam of a Ti:sapphire laser. Microliter aliquots from the ir-
radiated solution are analyzed by HPLC as a function of
time. The action uncaging cross-section for two-photon exci-
tation of the caging group is eventually calculated from
analysis of the release kinetics of the caged substrate after
calibration of the laser pulse parameters by recording the
fluorescence emission from a standard. The other approach
is restricted to caged fluorescent compounds or to caged
species that can be detected by using a fluorescent indica-
tor.[13,28] The measurements are typically performed at milli-
molar concentrations in caged compounds at an input laser
power less than 100 mW. The latter approach relies on the
analysis of the kinetic evolution, as well as of the steady-
state value of the fluorescence intensity that arises from the
focal volume illuminated by the beam. The action uncaging

cross-section for two-photon ex-
citation of the caging group is
derived from the dependence of
the photolysis rate constant on
the average laser power after
calibration of the excitation
volume with a fluorescence
standard.

Here, we developed a new
protocol to measure the action
uncaging cross-section for two-
photon excitation of fluorescent
caged compounds. In principle,
this is related to the second ap-
proach described above, howev-
er, here, fluorescence analysis is
based on FCS after two-photon
excitation.[45–54] We observed
and analyzed the large fluctua-
tions in the fluorescence emis-
sion from the illuminated
volume at the focus of a Ti:sap-
phire laser beam upon irradia-
tion of a micromolar or submi-
cromolar solution of a caged
fluorescent compound. We
computed the autocorrelation

function of fluorescence emission defined in Equation (1):

Gt ¼ hdnð r!,0Þdnð r!,tÞi
nð r!Þ nð r!Þ

ð1Þ

This gives the time-average of the products of the fluctua-
tions of the number of photons n( r!,t) collected from the il-
luminated volume, normalized by the product of the average
number. In principle, G(t) contains the desired kinetic infor-
mation leading to duF

ð2Þ
u . In practice, G(t) analysis is gener-

ally rather demanding in a reactive system that contains
more than three reactants.[45–47,55, 56] In the present system,
the FCS analysis is facilitated by 1) the limited kinetic
window that is accessible by FCS after two-photon excita-
tion and by 2) the knowledge of the mechanism/typical rate
constants that are involved in releasing 2-nitrobenzyl caged
compounds.

Both the temporal resolution of the autocorrelator and
the characteristic diffusion time tD for a freely-moving fluo-
rescent molecule to cross the focussed beam cause the kinet-
ic window that can be accessed by FCS to be fixed.[56] In the
case of two-photon excitation of “small” molecules, such as
the present caged compounds, kinetic information can be
calculated typically within the 1–50 ms range. Thus, for the
present purpose, one is interested in all events taking place
within 50 ms after the primary photoreaction of the caged
compounds.

The mechanism of uncaging of ortho-nitrobenzyl ethers
that emerged from extensive studies is displayed in

Table 2. Action uncaging cross-section for one-photon excitation at lð1Þexc=325 nm, eu(325)Fð1Þ
u (�5%), and esti-

mate of the quantum yields of uncaging after one-photon excitation Fð1Þ
u (�10%) for the caged model com-

pounds nb and nc ; estimate of the action uncaging cross-section for one-photon excitation of the present o-ni-
trobenzyl protecting groups at l(1), eu(l

(1))Fð1Þ
u ; action uncaging cross-section for two-photon excitation at lð2Þexc=

750 nm, du(750)Fð2Þ
u (�20 %) (1 GM=10�50 cm4 s (photon)�1), for the caged model compounds nc ; relative

brightness of ncA� with respect to nc after two-photon excitation at the two-photon excitation wavelength
lð2Þexc=750 nm, a(750)=d(750,ncA�)Fð2Þ

F (ncA�)/d(750,nc)Fð2Þ
F (nc) (�20%). Solvent: acetonitrile/Tris pH 9

buffer (20 mm) 1:1 (v/v). See text and Experimental Section for details.

n eu(325)Fð1Þ
u (nb)

[m�1 cm�1]
eu(325)Fð1Þ

u (nc)
[m�1 cm�1]

Fð1Þ
u (nb)[a]

[%]
Fð1Þ

u (nc)[a]

[%]
eu(350)Fð1Þ

u ,
eu(400)Fð1Þ

u
[b]

[m�1 cm�1]

du(750)Fð2Þ
u (nc)

[mGM]
a(750)

1 76 – 10 – 40, 3 – –
3 46 – 0.7 – 14, 0.5 – –
4 39 14 0.8 0.6 48, 16 20 150
4F – 12 – 0.4 – 15 1000
4Cl – 29 – 1.1 – 20 800
4Br – 42 – 1.3 – 65 –[c]

4CN – 7 – 0.3 – 20 –
5 –[d] –[d] – –[d] – 35 450
6 –[d] – – – – – –
7 70 – 0.5 – 65, 4 – –
8 76 16 0.5 0.1 59, 12 50[e] 1200
9 –[d] 11 – 0.1 – 20[f] 800
10 – 10 – 0.1 – 40[g] 2500

[a] Fð1Þ
u =

eu ð325ÞFð1Þ
u

eð325ÞðnaÞ , see text. [b] eu=e(na) and Fð1Þ
u =Fð1Þ

u (nb). [c] The precision of a is too low to be reliable for

the caged compounds with the largest du(750)Fð2Þ
u values. [d] Under our experimental conditions, uncaging was

too slow to derive reliable values. [e] du(730)Fð2Þ
u (8c)=45 mGM; du(780)Fð2Þ

u (8c)=35 mGM; du(800)Fð2Þ
u (8c)=

25 mGM. [f] du(780)Fð2Þ
u (9c)=30 mGM; du(800)Fð2Þ

u (9c)=20 mGM. [g] du(780)Fð2Þ
u (10c)=40 mGM;

du(800)Fð2Þ
u (10c)=30 mGM.
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Scheme 8a.[24,25] For FCS analysis, the most significant infor-
mation is that: 1) the primary photoreaction of 2-nitrobenzyl
compounds provides aci-nitro tautomers AH within 5 ps;
2) AH ionization giving the basic state A� occurs above
pKa(AH/A�1)�4 at a rate faster than 1 Q106 s�1;[25] 3) the
formation of the acetal intermediate state {BH,B�} should
not occur at a rate much faster than 1 Q 103 s�1 at the pH of
9 that was used throughout the present experiments.[25]

On the relevant timescale of analysis of the experimental
autocorrelation function G(t), the full mechanism displayed
in Scheme 8a can be reduced consequently to the mecha-
nism displayed in Scheme 8b: the caged species nc provides
in a single step the basic state of the corresponding inter-
mediate aci-nitro tautomers ncA�. In addition, one antici-
pates that conversion of the excited molecules of caged
compound leading to photolysis is complete within 1 ms. In
principle, the present illuminated reactive system should
behave as a nonreactive mixture of two fluorescent species,
nc and ncA�, upon observation by FCS after two-photon ex-
citation. Under such conditions, duF

ð2Þ
u can be calculated, as

explained in the Experimental Section, from the depend-
ence on the laser power input of the ncA�/nc proportions in
the illuminated volume.

Figure 4a displays typical experimental FCS autocorrela-
tion functions G(t) that were recorded on a 1 mm 10c solu-

tion in CH3CN/20 mm Tris pH 9 buffer 1:1 (v/v) that was
submitted to increasing input-laser powers. Throughout this
study, we always obtained satisfactory fits of the experimen-
tal points by using Equation (14) that is associated with a
nonreactive mixture of two fluorescent species. As anticipat-
ed from the similar sizes of the caged derivatives and the re-
leased substrates, the calculated diffusion times tD were es-
sentially independent of laser powers below 15 mW at the

sample level. In addition, they
were in line with expectations.
For instance, we calculated tD=

27�5 ms for 10c. In fact, we ob-
tained typically tD=25 ms in a
similar solvent for a closely relat-
ed molecule.[56]

Information regarding the
composition of the ncA�/nc mix-
ture that leads to duF

ð2Þ
u is con-

tained in the G(0) value in the
FCS autocorrelation curve. A
typical example of dependence of
G(0) on the laser power at the
sample is shown in Scheme 8b.
The experimental points can be
fitted satisfactorily with Equa-
tion (15) that originates from the
theoretical derivation by using
the mechanism shown in Scheme
8b (see Experimental Section). In
the case of 10c at lð2Þexc=750 nm,
the fit provides a relative bright-
ness of 10cA� to 10c of 2500�
200, and duF

ð2Þ
u =0.04 GM for the

uncaging cross-section for two-
photon excitation. Table 2 sum-
marizes the corresponding pa-
rameter values that were mea-
sured for the series of caged cou-
marins investigated.

Discussion

We first evaluated whether choosing caged substrates that
absorb light within the range of the excitation wavelength
for uncaging 1) perturbes the analyses of the measured
action uncaging cross-sections to calculate the corresponding
quantum yields of uncaging and 2) makes the latter repre-
sentative of uncaging quantum yields even if the caged sub-
strate is nonabsorbing. Two different issues must be ad-
dressed. Firstly, one has to examine whether it is only the
light that is absorbed by the o-nitrobenzyl moiety that leads
to uncaging. Secondly, one must evaluate whether supple-
mentary relaxation pathways may compete with the photo-
release of the caged substrate after light absorption by the
o-nitrobenzyl chromophore due to the presence of another
chromophore within the caged substrate.

Scheme 8. a) Mechanism of uncaging of ortho-nitrobenzyl ethers, adapted from reference [25]; b) reduced
mechanism that was used in this study to analyze the FCS data.
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We did not observe any strong coupling between the chro-
mophores that are contained in the o-nitrobenzyl protecting
groups and in the caged substrates in the nb and nc series.
This suggests that the corresponding chromophores behave
essentially independently with regards to light absorption.[42]

In contrast, energy transfer can occur towards the chromo-
phore absorbing at the largest wavelength after excitation of
the chromophore absorbing at the lowest wavelength.[57]

Such a process may be significant in calculating the quantum
yield of uncaging after one-photon excitation Fð1Þ

u from the
corresponding action uncaging cross-section for one-photon
excitation eu(325)Fð1Þ

u at lð1Þexc=325 nm if the o-nitrobenzyl
chromophore absorbs at the largest wavelength. If energy
transfer from the excited state of the caged substrate to the
o-nitrobenzyl moiety is faster than its relaxation, one should

take the molar absorption coefficient of the caged com-
pound to calculate Fð1Þ

u . In the opposite case, one should use
the molar absorption coefficient of the o-nitrobenzyl moiety.

In the nc series, energy transfer cannot occur from the
coumarin to the o-nitrobenzyl moiety because the former
always absorbs light at a larger wavelength than the latter.
In contrast, energy transfer could be relevant in most nb
caged compounds (except 1b and possibly 3b). In view of
the very low quantum yields of fluorescence emission of ni-
trobenzene derivatives, such as 3a, that would slow consid-
erably any energy transfer by the Fçrster mechanism to the
o-nitrobenzyl moiety,[57] we did not consider energy transfer
in calculating Fð1Þ

u in the data analysis.[58] Thus, we used the
molar absorption coefficients of the alcohols na as appropri-
ate orders of magnitude of the corresponding molar absorp-
tion coefficients of alkyl ethers of the o-nitrobenzyl moiet-
ies. In fact, choosing the molar absorption coefficient of the
caged compound nb would not change considerably the Fð1Þ

u

values, except for 1b. Indeed, at the one-photon excitation
wavelength that was used in the present series of experi-
ments (lð1Þexc=325 nm), the molar absorption coefficients of
an alkyl ether of p-nitrophenol, such as 3a, is about 7 Q
103

m
�1 cm�1 and this value is lower than the molar absorp-

tion coefficients of the o-nitrobenzyl moieties that were in-
vestigated in the present study.

Table 2 displays the results. We first examined the signifi-
cance of the backbone conjugated to the nitro substituent if
the benzylic position bears two hydrogen atoms. In the nb
series, the quantum yield for uncaging after one-photon ex-
citation is largest for 1b, with Fð1Þ

u (1b)�10 %. Fð1Þ
u (nb)

values are within the 1 % range for 3b, 4b, 7b, and 8b. In
particular, Fð1Þ

u (4b) compares satisfactorily with the reported
value of a phenol caged with the 4 backbone.[43] Uncaging
was too slow for 5b, 6b, and 9b to calculate the correspond-
ing quantum yields reliably. In fact, Fð1Þ

u seems to drop as
the maximum wavelength of absorption of the o-nitro pro-
tecting group increases. This trend was already observed
upon going from the 2-nitrobenzyl to the 4,5-dimethoxy-2-
nitrobenzyl group.[7] It was also implicit in reported re-
sults,[29] but the absence of measurements of Fð1Þ

u in the
latter work makes the comparison difficult. We observed a
similar trend in the nc series. Interestingly, Fð1Þ

u (4c) is in line
with reported values of the quantum yields of uncaging after
one-photon excitation for 4-caged nonabsorbing carboxylic
acids.[7] In fact, energy transfer could occur from the 4 o-ni-
trobenzyl moiety to the coumarine before the primary pho-
toreaction leading to aci-nitro tautomers (Scheme 8a).
Under such conditions, we should observe lower quantum
yields of uncaging in our series than with nonabsorbing
caged carboxylic acids. The absence of any energy transfer
probably results from the very low quantum yields of fluo-
rescence emission from the o-nitrobenzene derivatives that
slows energy transfer by the Fçrster mechanism, and from
the fast subpicosecond timescale that was reported for the
primary photoreaction.[25] All together, the present observa-
tions suggest that the photophysical properties of the caged
substrate do not alter strongly the uncaging behavior with

Figure 4. a) FCS autocorrelation curves G(t) recorded at 293 K from
1 mm 10c solutions at increasing laser powers at the sample, P (P=5 mW,
x; P=7.5 mW, ^; P=10 mW, &; P=11.5 mW, *; lð2Þexc=750 nm). Fitting
the experimental points by using Equation (14) gave 32�3 ms (P=

5 mW), 27�3 ms (P=7.5 mW), 28�3 ms (P=10 mW), and 22�3 ms (P=

11.5 mW) for the diffusion times tD. b) Dependence of 1/G(0) as a func-
tion of P. Symbols: experimental data; line: fit according to Equa-
tion (15). From this curve, a=2500�200 and du(750)Fð2Þ

u =40 mGM.
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regard to the o-nitrobenzyl photochemistry. In fact, such a
result is fortunate because evaluation of the uncaging effi-
ciency upon two-photon excitation is facilitated greatly if
use is made of fluorescent caged probes. In addition, it
allows us to use typical values of the uncaging quantum
yields to evaluate the uncaging quantum yields of caged
ACHTUNGTRENNUNGfluorophores that are often used as fluorescent polar tracers
in biology.

The significance of introducing a substituent on the ben-
zylic position is based on the results obtained in the 4c
series. The effect is significant, but it remains weak: the best
tribromomethyl substituent exhibits a quantum yield for un-
caging after one-photon excitation that is only four times
larger than that of the cyano substituent that gives the worst
results here. Analysis of these observations is difficult. In
fact, the benzylic substituent can introduce different types
of alterations governing the efficiency of the uncaging path-
way after light absorption by the caged compound. Elec-
tronic effects should affect the lability of the benzylic
proton that is involved in the uncaging mechanism (Scheme
8a). The presence of heavy atoms could promote alternative
relaxation pathways implying the triplet states. Eventually,
steric hindrance could also play a role. In particular, we did
not obtain the favorable results reported with the trifluoro-
methyl as well as with the cyano substituents.[10,30] The corre-
sponding discrepancy questions the use of the benzylic sub-
stituent to improve quantum yields of uncaging after one-
photon excitation; efficiencies could be strongly dependent
on the nature of the caged substrate.

We used the quantum yields for uncaging after one-
photon excitation of the nb series and the molar absorption
coefficients of the na alcohols to derive a representative
order of magnitude of the action uncaging cross-section of
the present o-nitrobenzyl photolabile protecting groups
(Table 2). In fact, the protecting groups 7 and 8 appear
better than the reference 4 at lð1Þexc=350 nm. The results ob-
tained in the 4c series probably indicate that 4Cl and 4Br
would also be more efficient than 4. Despite such improve-
ments, one can notice that the action uncaging cross-section
for one-photon excitation in the present series should be in-
creased by hardly more than one order of magnitude by
combining the best conjugated backbone and benzylic sub-
stituent.

We now turn to the results obtained from two-photon ex-
citation. The action uncaging cross-section for two-photon
excitation of the 4,5-dimethoxy-2-nitrobenzyl photolabile
protecting group has been already measured by two differ-
ent methods for nonabsorbing caged carboxylic acids:
du(740)Fð2Þ

u =0.03 GM[7] and du(740)Fð2Þ
u =0.01 GM[28] were

reported, respectively. Here, we derived du(740)Fð2Þ
u =

0.02 GM for 4c. In fact, this fair agreement led us to the
same conclusion independently of the excitation mode: in
the nc series, the energy transfer from the o-nitrobenzyl
moiety to the coumarin is not competing considerably with
the primary photoreaction leading to substrate release.

We first consider the du(750,nc)Fð2Þ
u values given in

Table 2 by investigating the role of the backbone conjugated

to the nitro substituent if the benzylic position bears two hy-
drogen atoms. In fact, we obtained essentially similar values,
whatever the structure of the conjugated backbone in the
present series: du(750)Fð2Þ

u for 4c, 5c, 8c, 9c, and 10c are all
within the 0.02–0.05 GM range. A similar conclusion arises
at 800 nm: du(800)Fð2Þ

u lies between 0.02 and 0.03 GM for
8c, 9c, and 10c whereas 0.01 GM was reported for a 4,5-di-
methoxy-2-nitrobenzyl derivative at the same excitation
wavelength.[7]

Figure 1 displays parts of the uncaging absorption spectra
upon two-photon excitation duF

ð2Þ
u for 8c, 9c, and 10c. In

line with the corresponding results that were reported for
4,5-dimethoxy-2-nitrobenzyl caged compounds,[7,28] they rea-
sonably compare with the absorption spectra upon one-
photon excitation after dividing the excitation wavelength
by a factor two. The whole collection of results suggests that
the same excited state is involved in photolysis after both
one- and two-photon excitation in the o-nitrobenzyl series.
Consequently, if it is assumed that the quantum yields of un-
caging after one- and two-photon excitation are identical,
that is, Fð1Þ

u =Fð2Þ
u , the data contained in Table 2 can be used

to derive orders of magnitude for the two-photon absorption
cross-sections of the o-nitrobenzyl moieties by the expres-
sion: d(lð2Þexc)=du(l

ð2Þ
exc)F

ð2Þ
u /Fð1Þ

u . Thus, we derived d(750,4c)
�3 GM and d(750,nc)�20–50 GM (n=8, 9, and 10). The
value of d(750,4c) confirms that the coumarin chromo-
phores do not contribute strongly, if at all, to light absorp-
tion leading to uncaging because one would typically expect
d(750,12)�10–20 GM for the coumarin 12.[31] In addition,
these estimates are in reasonable agreement with the ex-
pectations based on molecular structure. For instance, we re-
corded fluorescence excitation spectra for two-photon exci-
tation to measure d(lð2Þmax)�60 GM in a series that is closely
related to the o-nitrobenzyl chromophore in 10c that should
here exhibit d(lð2Þmax)�40 GM.[59,60]

The role of the benzylic substituent can be analyzed in
the 4c series. We observed du(750,4cBr)Fð2Þ

u >

du(750,4cCl)Fð2Þ
u �du(750,4cCN)Fð2Þ

u �du(750,4c)Fð2Þ
u >

du(750,4cF)Fð2Þ
u . This trend seems reasonable if it is assumed

again that uncaging cross-sections for one- and two-photon
excitation are identical. In fact, all the members of the 4c
series share the same o-nitrobenzyl chromophore and
should consequently exhibit the same d(750) value. Then,
the evolution of du(750)Fð2Þ

u and Fð1Þ
u would be comparable,

which is indeed essentially observed. The best benzylic sub-
stituent is again tribromomethyl, which exhibits a quantum
yield for uncaging after two-photon excitation that is three
times larger than that for any other substituent.

Despite the expected increase in the action uncaging
cross-section for two-photon excitation that would result
from the appropriate choice of the best present o-nitroben-
zyl backbone and benzylic substituent, we reach again a con-
clusion similar to the one upon using one-photon excitation:
the action uncaging cross-section for two-photon excitation
should be increased by hardly more than one order of mag-
nitude in the o-nitrobenzyl series.
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Conclusion

We evaluated the o-nitrobenzyl platform for designing pho-
tolabile protecting groups with red-shifted absorption that
could be photolyzed upon one- and two-photon excitation.
Special attention was paid to the latter excitation mode in
view of promising biological applications.

From the synthetic point of view, this work shows that
several strategies can be envisaged to introduce the 2-nitro-
benzyl motif in putative photolabile protecting groups. We
generated several 2-nitrobenzyl alcohols and the corre-
sponding synthetic pathways could be transposed easily to
yield other 2-nitrobenzyl derivatives. In particular, the palla-
dium-coupling approach relying on the IIa synthon opens
the way to the syntheses of other conjugated species.

As anticipated from the availability of reliable structure–
property relationships, the 2-nitrobenzyl alcohols synthe-
sized in the present study exhibit absorption properties in
agreement with expectations based on their molecular struc-
tures. In particular, we improved considerably the match be-
tween their absorption features and the wavelength ranges
of the current laser sources for two-photon excitation. With
regard to the 4,5-dimethoxy-2-nitrobenzyl reference, several
of the 2-nitrobenzyl photolabile protecting groups described
possess significantly red-shifted and enlarged light absorp-
tion upon one- or two-photon excitation. We anticipate that
better results could be obtained with more conjugated back-
bones that could exhibit more red-shifted and larger light
absorptions than those in the present series.

In addition to the cross-sections for light absorption, the
quantum yields of uncaging after one- and two-photon exci-
tation are the other significant photophysical parameters
that determine the values of the action uncaging cross-sec-
tions. We showed that the caged substrates were released
cleanly upon photolysis in the whole series investigated.
With appropriate caged substrates from the present series,
the action uncaging cross-sections can be derived easily and
reliably from experiments based on UV-visible absorption
and fluorescence emission (one-photon excitation) and from
FCS (two-photon excitation). For the purpose of molecular
engineering, our observations suggest that the values of the
quantum yields of uncaging after one- and two-photon exci-
tation are similar in the 2-nitrobenzyl series. This observa-
tion should facilitate the design of future photolabile pro-
tecting groups bearing a donor–acceptor backbone. Indeed,
most available quantum yields of uncaging rely presently on
one-photon excitation.

We found that the quantum yields of uncaging remained
low in the whole 2-nitrobenzyl series investigated: they gen-
erally lie within the 0.1–1 % range. This is a drawback to en-
larging the action uncaging cross-sections for one- and two-
photon excitation. For instance, cross-sections for two-
photon absorption that are ten times larger than in the pres-
ent series would be required to get results comparable with
those of the best available series. Moreover, we observed
that the quantum yields of uncaging dropped if the maxi-
mum of wavelength absorption of the o-nitrobenzyl moiety

was increased. Although difficult to analyze at the present
time, this result indicates that one cannot necessarily opti-
mize independently both the absorption and the uncaging
properties of a photolabile protecting group. In the 2-nitro-
benzyl series, the observed trend could make it difficult to
enlarge the action uncaging cross-sections beyond the exist-
ing values.

Experimental Section

Syntheses : The syntheses of the final compounds, as well as of the syn-
thetic intermediates, are detailed in the Supporting Information.

UV/Vis absorption : UV/Vis absorption spectra were recorded at 293 K
by using a Kontron Uvikon-940 spectrophotometer. Molar absorption co-
efficients were calculated by checking the validity of the Beer–Lambert
law.

Steady-state fluorescence emission : Corrected fluorescence spectra were
obtained by using a Photon Technology International LPS 220 spectro-
fluorometer. Solutions for fluorescence measurements were adjusted to
concentrations so that the absorption maximum was around 0.15 at the
excitation wavelength (typical range: a few micromolar). The overall
ACHTUNGTRENNUNGfluorescence quantum yields after one-photon excitation Fð1Þ

F were calcu-
lated from Equation (2):

Fð1Þ
F ¼ Fð1Þ

ref

1�10�Aref ðlexcÞ

1�10�AðlexcÞ
D
Dref

�
n
nref

�2

ð2Þ

in which the subscript “ref” stands for standard samples, A(lexc) is the ab-
sorbance at the excitation wavelength, D is the integrated emission spec-
trum, and n is the refractive index for the solvent. The error in the exper-
imental value of Fð1Þ

F was estimated to be �10%. The standard fluoro-
phore for the quantum yields measurements was quinine sulfate in 0.1m
H2SO4 with Fð1Þ

ref=0.55.[62]

Irradiation experiments : Irradiation experiments were performed at
20 8C in CH3CN/20 mm Tris pH 9 buffer 1:1 (v/v). No thermal hydrolysis
was observed on the timescale of the present irradiation experiments
(24 h).

One-photon excitation : Irradiations relying on one-photon excitation
were performed at 325 nm on 3 mL samples in 1 Q 1 cm2 quartz fluores-
cence cuvettes under constant stirring. Excitations were performed by
using the 75 W xenon lamp of a Photon Technology International
LPS 220 spectrofluorometer at several slit widths. The corresponding in-
cident-light intensities were systematically calibrated by determining the
kinetics of photoconversion of the a-(4-dimethylaminophenyl)-N-phenyl-
nitrone into 3-(4-dimethylaminophenyl)-2-phenyloxaziridine in fresh di-
oxane as described in reference [44]. For the present series of experi-
ments, typical incident-light intensities were within the 1Q
10�4 Einstein min�1 range.

To derive the cross-section for uncaging after one-photon excitation, we
considered that the illuminated system was submitted to the reaction:

ROPG hn�!ROHþPG ð3Þ

in which ROPG, ROH, and PG designate the caged species, the species
that was initially caged, and the product from the protecting moiety after
ROH release.

The reaction rate for photodeprotection of the caged compound ROPG
is proportional to the intensity of the monochromatic excitation light ab-
sorbed by ROPG at the excitation wavelength that leads to uncaging,
Iu(l

ð1Þ
exc), and to the uncaging cross-section for one-photon excitation, Fð1Þ

u :

� d½ROPG�
dt

¼ Iuðlð1ÞexcÞFð1Þ
u

V
ð4Þ
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in which V is the irradiated volume. Iu(l
ð1Þ
exc) and all the subsequent absor-

bed-light intensities are expressed in Einstein per unit of time. By intro-
ducing Au(l

ð1Þ
exc), Atot(l

ð1Þ
exc), and I0(l

ð1Þ
exc) that designate the effective ROPG

absorbance for uncaging, the total absorbance, and the intensity of the in-
cident beam at the excitation wavelength, respectively, Equation (4) pro-
vides the following:

� d½ROPG�
dt

¼ 1�exp½�2:3Atotðlð1ÞexcÞ�
Atotðlð1ÞexcÞ

Fð1Þ
u I0ðlð1ÞexcÞ

V
Auðlð1ÞexcÞ ð5Þ

If Atot(l
ð1Þ
exc)!1, one obtains at first order:

� d½ROPG�
dt

¼ k½ROPG� ð6Þ

with

k ¼ 2:3Fð1Þ
u I0ðlð1ÞexcÞeuðlð1ÞexcÞl

V
ð7Þ

in which eu(l
ð1Þ
exc) and l represent the effective molar absorption coefficient

for uncaging of ROPG at the excitation wavelength, and the pathlength
of the light beam, respectively.

By assuming that the system contains initially only ROPG, one then
easily derives:

Atotðlð1Þexc,tÞ
Atotðlð1Þexc,0Þ

¼ eROHðlð1ÞexcÞþePGðlð1ÞexcÞ
eROPGðlð1ÞexcÞ

þ
�

1� eROHðlð1ÞexcÞþePGðlð1ÞexcÞ
eROPGðlð1ÞexcÞ

�
expð�ktÞ

ð8Þ

in which eROH, ePG, and eROPG designate the molar absorption coefficients
of ROH, PG, and ROPG, respectively.

For the present series of experiments, the total absorbance at the excita-
tion wavelength had a maximum of around 0.15 to avoid the effects asso-
ciated with inner filtering and to be in the region of approximation lead-
ing to Equation (6). Under the same experimental conditions, the tempo-
ral evolution of the intensity IF(lð1Þexc,lem) of the steady-state fluorescence
emission at lð1Þexc upon excitation at lem can be written:

IFðlð1Þexc,lem,tÞ
IFðlð1Þexc,lem,0Þ

¼ Qð1Þ
ROHðlð1ÞexcÞþQð1Þ

PGðlð1ÞexcÞ
Qð1Þ

ROPGðlð1ÞexcÞ
þ
�

1�Qð1Þ
ROHðlð1ÞexcÞþQð1Þ

PGðlð1ÞexcÞ
Qð1Þ

ROPGðlð1ÞexcÞ

�
expð�ktÞ

ð9Þ

in which Qð1Þ
x =ex(l

ð1Þ
exc)F

ð1Þ
F (x) designates the brightness after one-photon

excitation of ROH, PG, and ROPG (Fð1Þ
F (x) is the quantum yield of fluo-

rescence emission after one-photon excitation of the species x).

Two-photon excitation : Our home-built two-photon excitation FCS setup
has been previously reported.[56, 63] Illumination is provided by a mode-
locked titanium–sapphire laser (Mira pumped by Verdi, Coherent)
through a 60Q , 1.2 NA water immersion objective (Olympus). The
sample at 1 mm concentration was contained in a cuvette described in ref-
erence [56]. To measure excitation power, we measured the input-laser
power by using a Lasermate powermeter (Coherent) and the power loss
between input and sample level. Power at the sample level was then de-
rived without disturbing the cuvette. For the present series of experi-
ments, fluorescence photons were collected through a 560/80 nm band-
pass filter with two avalanche photodiodes (APD, SPCM-AQR-14,
Perkin–Elmer, Vaudreuil, Canada) coupled to an ALV-6000 correlator
(ALV GmbH). At 0.1–5 mm concentrations in caged coumarin, we typical-
ly observed signals of 500 Hz to 10 kHz on each APD. We investigated
the dependence of the fluorescence emission from 12 as a function of the
excitation power. The range of investigated excitation powers was chosen
to be in the region of power-squared dependence for the intensity of flu-
orescence emission (21–85 mW input-laser power, which corresponds to
3–12 mW at the sample level). Under these experimental conditions, no
contribution of the triplet state to the experimental FCS autocorrelation
curves was observed. In the present work, a typical FCS experiment con-

sisted of between several hundred and a few thousand acquisitions of
three seconds each, leading to a typical acquisition time of 1 h.

The experimental FCS autocorrelation curves G(t) defined in Equa-
tion (1) were fitted by assuming that the solution contained two freely
diffusing species with the same diffusion constant D, nc and ncA�

(Scheme 8b). By denoting these species as 1 and 2, respectively, the asso-
ciated fitting function is:[53]

GðtÞ ¼ ðQð2Þ
1 Þ2N1þðQð2Þ

2 Þ2N2

½Qð2Þ
1 N1þQð2Þ

2 N2�2
1

1þt=tD
ð10Þ

In Equation (10), Qð2Þ
1 and Qð2Þ

2 designate the respective brightnesses of 1
and 2 (Qð2Þ

x =dxF
ð2Þ
F,x in which dx designates the cross-section for two-

photon absorption of x and Fð2Þ
F,x is the quantum yield of fluorescence of x

after two-photon excitation), N1 and N2 represent the number of mole-
cules of 1 and 2 in the illuminated spot described as two-dimensional
Gaussian, and tD is the diffusion time of 1 and 2 through the beam waist.
By introducing the relative brightness a=Qð2Þ

2 /Qð2Þ
1 , Equation (10) be-

comes:

GðtÞ ¼ N1þa2N2

ðN1þaN2Þ2

1
1þt=tD

ð11Þ

Provided that a is large enough, the amplitude of the FCS autocorrela-
tion curve can reveal the presence of even a very small amount of 2, N2.

By following the theoretical treatment of Kiskin et al. ,[13] the averaged
number of molecules of 2 in the illuminated spot in the steady state
equals:

N2

Ntot
� ktD=2:5

1þktD=2:5
ð12Þ

in which Ntot=N1+N2 and:

k ¼ 1:17duF
ð2Þ
u

T
tP

�
l

phcw2
0

�2

P2VF ð13Þ

In Equation (13), du is the cross-section for two-photon absorption lead-
ing to uncaging at the excitation wavelength lð2Þexc, Fð2Þ

u is the quantum
yield of uncaging after two-photon excitation, T is the period of the laser
pulses (13.6 ns in our case), tP (200 fs) is the duration of the laser pulses,
w0 (0.3 mm) is the waist of the focussed laser beam, P is the laser power
at the sample and VF is a geometrical term (equal to 0.63 if w0>0.3 mm,
like in the present case).

Preliminary results suggested that N2

N1
!1 and a@1. Thus, we considered

the approximate correlation function [Eq. (14)] with fewer undetermined
constants to fit experimental data:

GðtÞ ¼ Ntotþa2N2

ðNtotþaN2Þ2

1
1þt=tD

ð14Þ

In the fitting process using Equation (14), Ntot was assumed from the con-
centration used in nc and of the illuminated volume from a preliminary
calibration,[56] and only Ntotþa2N2

ðNtotþaN2Þ2 and tD were adjusted. By writing k=gP2

and b=tDg/2.5, and by considering that bP2 !1 under the present experi-
mental conditions, one obtains:

1
Gð0Þ � Ntot

ð1þabP2Þ2

1þa2bP2
ð15Þ

FCS autocorrelation curves were recorded at different laser powers P.
The curves were fitted by using Equation (14) to calculate G(0) and tD

(data were processed by using Matlab and Origin softwares). The values
of 1/G(0) were then plotted as a function of P and the experimental data
were fitted by using Equation (15) to calculate the values of a and b.[64]

The action uncaging cross-section for two-photon excitation duF
ð2Þ
u was fi-

nally derived from the b value.
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yield of fluorescence of the corresponding aci-nitro intermediates
ncA�. In fact, the low quantum yield of fluorescence of the nc caged
species probably results from the presence of the nitro substituent.
One could anticipate that the removal of the nitro substituent pro-
motes an increase in the quantum yield of fluorescence of the corre-
sponding aci-nitro intermediates ncA�. If one assumes that the
latter lies within the same range as the esters of 12, then
Fð1Þ

F (ncA�)�Fð2Þ
F (ncA�)�10%. The derivation of the ratio

d(lð2Þexc,ncA
�)/d(lð2Þexc,nc) is also difficult. Firstly, the relationship be-

tween molecular structure and d(lð2Þmax) has not been established de-
finitively; to derive a crude estimate, we assume d(lð2Þmax,ncA

�)�
d(lð2Þmax,nc) in view of the similarity of the conjugated paths in ncA�

and nc. We also take into account the expected red-shift that gener-
ally accompanies the conversion from the ortho-nitrobenzyl caged
derivatives to the aci-nitro intermediates (ref. [25]). Upon consider-
ing that lð2Þmax is close to 2lð1Þmax in donor–acceptor chromophores
(refs. [31,32]) and that lð2Þexc was generally larger than 2lð1Þmax in the
present work, we finally retained d(lð2Þexc,ncA

�)/d(lð2Þexc,nc)�1–10.
Thus, one obtains 102–103 as a crude estimate for a(lð2Þexc). As shown
in Table 2, the parameters calculated from the fit are in line with the
preceding derivation.
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