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Abstract: Although photolabile protecting groups (PPGs) have 

found widespread applications in several fields of chemistry, biology 

and materials science, there is a growing interest in expanding the 

photochemical toolbox to overcome some of the limitations of 

classical caging groups. In this work, the synthesis of a new class of 

visible-light-sensitive PPGs based on low-molecular weight COUPY 

fluorophores with several attractive properties, including long-

wavelength absorption, is reported. Besides being stable to 

spontaneous hydrolysis in the dark, COUPY-based PPGs can be 

efficiently photoactivated with yellow (560 nm) and red light (620 nm) 

under physicological-like conditions, thereby offering the possibility 

of unmasking functional groups from COUPY photocages under 

irradiation conditions in which other PPGs remain stable. Additionally, 

COUPY photocages exhibit excellent cellular uptake and accumulate 

selectively in mitochondria, opening the door to delivering caged 

analogues of biologically active compounds into this organelle. 

Photolabile protecting groups (PPGs; also commonly termed 

photoremovable protecting groups or caging groups) have found 

widespread applications in several fields of chemistry, biology 

and materials manufacturing owing to the extraordinary 

properties of light.[1] Indeed, suitable light irradiation can be 

delivered with high spatiotemporal precision to control molecular 

processes without causing contamination of samples. This is 

particularly important in the case of caged analogues of 

biologically active compounds (e.g., biomolecules, 

neurotransmitters, antibiotics, anticancer agents, etc.), since 

unmasking of key functionalities can be triggered without using 

any chemical reagent.[2] Besides orthogonality, in vivo 

applications require the use of PPGs with long-wavelength 

absorption to achieve deeper tissue penetration and to avoid the 

phototoxicity associated with short wavelengths such as UV and 

blue light.[3] 

The development of novel PPGs that can be efficiently 

photoactivated with visible and near-IR light has raised a 

growing interest to expand the photochemical toolbox in 

biological applications,[2] as well as to facilitate the design of 

complex wavelength-selective uncaging systems in which two or 

more PPGs can be removed sequentially from a single 

compound.[1d] Until recently, most caging groups described in 

the literature with photoactivation capability by visible light are 

based on classical and non-classical organic chromophores 

(e.g., o-nitrobenzyl,[4] coumarin,[5] BODIPY,[6] cyanine[7] and 

quinone[8] derivatives) or on metal complexes (e.g., ruthenium 

polypyridyl).[9] Besides long-wavelength excitation capability, an 

ideal PPG is expected to fulfill certain additional requirements 

such as high photolytic efficiency (which requires either large 

molar absorption coefficients at the absorption maxima or high 

uncaging quantum yields, or both), aqueous solubility and dark 

stability to spontaneous hydrolysis under physiological 

conditions. The structural complexity of the caging chromophore, 

molecular weight, synthetic accessibility and conjugatability are 

also key parameters to be considered when designing new 

caging groups. 

Coumarin-based caging groups fulfill some of the criteria for an 

ideal PPG owing to the privileged architecture of the coumarin 

scaffold, which allows the attachment of the compound to be 

caged through different types of bonds (e.g., ester, carbamate or 

carbonate). In addition, the photophysical and photochemical 

properties of coumarin-based PPGs can be fine-tuned through 

smart structural modifications such as by replacing electron-

donating N,N-dialkylamino groups at position 7 on the well-

known (coumarin 4-yl)methyl skeleton by azetidine.[10] The 

modification of the carbonyl group of the electron-withdrawing 

lactone moiety in conventional DEACM or DEACE caging 

groups (Scheme 1) has also been used to increase the 

electronic delocalization along the π-conjugated system,[5bdef] 

dicyanomethylenecoumarin derivatives being particularly 

attractive as they exhibit an absorption maxima around 500 nm 

which allows uncaging with green light.[5de] So far, we have 

synthesized a series of dicyanocoumarinylmethyl (DEAdcCM)- 

and dicyanocoumarinylethyl (DEAdcCE)-based photocages of 
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carboxylic acids (Scheme 1) and demonstrated a faster 

photolysis rate in the DEAdcCE series, which is a consequence 

of the higher stability of the secondary carbocation intermediate 

generated upon the solvent-assisted photoheterolytic ester bond 

cleavage.[5de] A similar behaviour was found in coumarin 

analogues in which one of the cyano groups in DEAdcCM and 

DEAdcCE was replaced with p-nitrophenyl.[5f] 

 

Scheme 1. Previously reported coumarin- and dicyanocoumarin-based PPGs 

and transformation of COUPY fluorophore 2 into a novel caging group 

synthesized in this work. 

With the aim of further red-shifting the absorption and emission 

maxima of the conventional coumarin scaffold, we have recently 

developed a novel class of coumarin-based fluorophores, 

COUPYs, in which the carbonyl function in coumarin 1 was 

replaced with cyano(N-alkyl-4-pyridinium)-methylene moieties 

(e.g., compound 2 in Scheme 1).[11] Due to a higher push-pull 

character compared with dicyanomethylene coumarins, COUPY 

dyes exhibit several interesting photophysical properties such as 

far-red to NIR emission, large Stokes’ shifts and high 

photostability.[11] Conjugatable versions of COUPY fluorophores 

can also be obtained through N-alkylation of the pyridine 

heterocycle.[12] On the basis of these precedents, we envisaged 

the transformation of COUPY fluorophores into novel coumarin-

based PPGs for visible-light uncaging. As shown in Scheme 1, 

here we focused on the synthesis of the first COUPY photocage 

(compound 3) in which benzoic acid was chosen as a model 

cargo and caged through the formation of an ester bond. Taking 

into account that the rate of the overall uncaging process in 

coumarin-based PPGs depends on the rate constant of the initial 

heterolytic C-O bond cleavage,[13] we decided to incorporate a 

methyl group in the position adjacent to this bond in the 

coumarin skeleton to stabilize the carbocation intermediate and 

increase the photodeprotection rate.[5def]  

Compound 3 was efficiently synthesized in two steps from 

thiocoumarin 4, which was previously obtained from 

commercially available coumarin 1 in four steps (Scheme 2).[5ef] 

First, condensation of 4 with 4-pyridylacetonitrile in the presence 

of NaH followed by treatment with silver nitrate afforded COUPY 

scaffold 5 with high yield (87%) after purification by silica column 

chromatography. After N-methylation of the pyridine heterocycle 

with methyl trifluoromethanesulfonate, the target COUPY-caged 

model compound 3 was obtained as a pink solid with excellent 

yield (98%) and fully characterized by HR ESI-MS and NMR (1H, 
13C, and 19F). As previously found with some COUPY 

fluorophores,[11] the 1H NMR spectrum of 5 showed two sets of 

proton signals in a ∼85:15 ratio, which accounts for the 

existence of two interconverting rotamers around the exocyclic 

C=C bond. Full NMR characterization by using 2D COSY and 

NOESY experiments (Figure S1) allowed to conclude that the E 

rotamer (as usually drawn in the manuscript) was the major 

species in solution. By contrast, only the E rotamer was present 

in solution in the case of COUPY-caged compound 3 according 

to 1D and 2D NMR spectra (Figure S2), which parallels the 

behavior of N-methylated COUPY dyes.[11] 

 

Scheme 2. Synthesis of COUPY-caged model compound 3. 

The photophysical properties of compound 3 were investigated 

in a 1:1 (v/v) mixture of PBS buffer and ACN (Table S1) and 

compared with those of the parent dye (2). As shown in Figure 1, 

compound 3 exhibited an intense, relatively narrow absorption 

band in the visible spectrum, with an absorption maximum 

centered at 557 nm, slightly extended into the red-light region 

and red-shifted with respect to coumarin 2 (ca 11 nm). This 

bathochromic effect was more pronounced for the emission 

wavelength (em = 619 nm in 3 vs em = 603 nm in 2) and, as a 

result, the Stokes’ shift was larger in 3 (62 nm) than in the parent 

fluorophore (57 nm). By contrast, the fluorescent quantum yield 

was slightly reduced in the caged compound (e.g., ΦF = 0.10 in 

3 vs. ΦF = 0.22 in 2). In addition, COUPY photocage exhibited a 

relatively large molar absorption coefficient (38,000 M-1 cm-1).  

 

Figure 1. Left: comparison of the absorption (solid lines) and fluorescence 

(dotted lines) spectra of COUPY-caged model compound 3 with those of the 

parent COUPY dye (2). Right: plot of the temporal evolution of the amount of 3 

after irradiation with visible LED light. The lines connecting the experimental 

points are meant to aid the reader in visualizing the data. All the experiments 

were performed in a 1:1 (v/v) mixture of PBS buffer and ACN. 

The photoactivation of COUPY-caged model compound 3 was 

first evaluated in PBS/ACN 1:1 at 37oC under irradiation with a 

LED source covering from the cyan to the red region of the 

visible spectrum (470-750 nm; 150 mW cm-2; see Figure S3). 

The course of the uncaging process was monitored by reversed-

phase HPLC-MS in terms of the consumption of the starting 

caged compound with irradiation time (Figure S4). As shown in 

Figure 1, the concentration of 3 decreased gradually with 

irradiation time. Photoactivation of 3 proceeded in a clean 

fashion and gave a main photolytic product (coumarin alcohol 6) 
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and a minor vinyl coumarin derivative (7), the latter being formed 

through a -elimination reaction from the secondary carbocation 

intermediate generated upon photoheterolysis of the ester bond 

(Scheme 3). Photolysis of 3 was almost complete (ca 90 %) 

after 15 min of irradiation with the wide-band LED (ku = 0.172 

min-1), whereas it was required more than 90 min to completely 

uncage it with the same LED equipped with a 560 nm bandpass 

filter (yellow light, 40 mW cm-2, ku = 0.031 min-1; see Figure 1 

and Figures S3 and S5), which can be attributed to the reduced 

irradiance. Importantly, 3 was found completely stable after 

incubation for 2 h at 37 ºC in the dark under the irradiation 

conditions. In addition, the uncaging of benzoic acid from 

compound 3 and the release of coumarin alcohol 6 was also 

confirmed by monitoring the photolysis process by 1H NMR in a 

mixture of DMSO-d6 and D2O (Figure 2).  

  

Scheme 3. Mechanistic interpretation of the photolysis process of compound 3 

under visible light irradiation. 
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Figure 2. Expansion of the 1H NMR spectrum of 3 in DMSO-d6/D2O 7:3 (v/v) 

(400 MHz) before irradiation (A) and after 30-min (B) and 2-h (C) photolysis at 

37 ºC with visible light (470-750 nm range), and of coumarin 6 (D) and benzoic 

acid (E). *DCM traces. 

Encouraged by these results and taking into account the 

significant absorptivity of the COUPY chromophore around 600 

nm, we decided to investigate the photosensitivity of compound 

3 under red light irradiation. To our delight, the concentration of 

3 decreased gradually with time upon irradiation with a 620 nm-

LED source (130 mW cm-2, Figures 1 and S6) although, as 

expected on the basis of the overlap between the LED sources 

and the absorption spectra (Figure S7), 3 took longer to react on 

irradiation with red light as compared to yellow light, due to the 

lower rate of light absorption (about 50% of 3 was uncaged after 

irradiation for 1 h). The actual rate of light absorption under the 

three LEDs is shown in Figure S8. It is worth noting that the 

same photolytic products (6 and 7) were observed both with 

yellow and red light (Scheme 3). 

Using the data in Figure S8 and the initial rate of deprotection of 

compound 3, the quantum yield (Phot) for deprotection could be 

calculated and similar values were found for both the yellow and 

red LEDs (6.0 x 10-5 and 5.0 x 10-5, respectively; Figure S9), 

confirming that the differences in the rates of deprotection 

actually reflect the relative rates of light absorption. The 

photolytic efficiency of the uncaging process is then much higher 

with yellow light due to the large molar absorptivity of the 

compound at 560 nm (Table S2). It is worth noting that the 

quantum yields are higher than that previously reported by us for 

a coumarin-caged compound containing p-nitrophenyl moiety 

instead of N-methylpyridinium,[5f]  and of the same order than 

other visible-light-sensitive photoprotecting groups, including a 

green-light sensitive BODIPY derivative recently described by 

Szymanski and collaborators (ca 4 x 10-5).[6b] 

Next, we investigated if COUPY caging groups could be applied 

in the design of selective uncaging systems.[1e] Two main 

approaches have been described to control two or more 

molecular events with light. On the one hand, we[5e] and others, 

including Heckel’s group,[14] have demonstrated that selective 

uncaging can be achieved through irradiation with a single 

wavelength of light by exploiting the differences in deprotection 

kinetics of structurally-related PPGs (e.g., with green light by 

using DEAdcCM and DEAdcCE-based caging groups) when 

attached to the molecule to be caged through a different atom or 

photocleavable bond.[5e] On the other hand, the use of two or 

more PPGs with significantly different spectral and/or 

photochemical properties (max, , Phot) can also be exploited to 

sequentially unmask several functionalities with different 

wavelengths of light.  

On the basis of the photolysis studies with compound 3, we 

wondered if sequential uncaging of two coumarin-protected 

functionalities in the same reaction mixture could be achieved by 

sequentially irradiating with biologically-compatible visible light. 

For this purpose, an equimolar mixture of COUPY-caged 

compound 3 and DEAdcCE-caged compound 8[5e] (Scheme 4) 

was irradiated first with green light (505 nm). Although 

dicyanocoumarin 8 was completely uncaged after 15 min, about 

75 % of compound 3 was also deprotected (Figure S10), which 

is not surprising given its substantial absorbance at 505 nm. 

However, by irradiating first with red light (620 nm), 3 was 

completely uncaged within 2.5 h while 8 remained stable until 

irradiation with green light was carried out (Figure S11). In both 

cases, the formation of the expected photolytic coumarins (6 and 

9) was confirmed by MS. This experiment demonstrated that the 

sequential uncaging with visible light of the same functional 

group (a carboxylic acid in our models) from two different caged 

compounds can be achieved by combining COUPY caging 

groups with other coumarin-based PPGs. 
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Scheme 4. Sequential uncaging of compounds 3 and 8 by sequential 

irradiating with red (2.5 h) and green (15 min) light. 

Finally, the cellular uptake and organelle localization of COUPY-

caged model compound 3 in living HeLa cells were investigated 

by using confocal microscopy. As shown in Figure 3, the 

fluorescence signal after excitation with a yellow light laser (ex = 

561 nm) was clearly observed inside the cells after only 30 min 

of incubation (1 M) owing to the great brightness of the COUPY 

chromophore, and the overall pattern of staining suggested 

accumulation in mitochondria, and, to a lesser extent, in 

intracellular vesicles. In addition, no cell toxicity was observed 

during these studies. These observations confirmed that the 

incorporation of a small cargo at the 4-position of the coumarin 

skeleton (benzoic acid) does not negatively influences neither 

the good cellular uptake nor organelle selectivity of the parent 

COUPY fluorophores.[11] Indeed, co-localization experiments 

using two commercially available specific markers for labeling 

mitochondria (MitoTracker Green FM, MTG) and lysosomes 

(Lysotracker Green FM, LTG) confirmed the observed 

subcellular localization. In the case of mitochondria (Figure 4, A-

C), a Pearson’s sample correlation coefficient of 0.85±0.05 was 

obtained indicating a good correlation between 3 and MTG. 

Manders’ colocalization coefficients were also measured and 

showed that 68%±0.12 of compound 3 staining colocalized with 

MTG and that 90%±0.08 of MTG colocalized with compound 3 

signal. On the other hand, co-localization experiments with LTG 

(Figure 4, D-F) confirmed that most of fluorescence observed in 

intracellular vesicles along the cytoplasm was associated with 

lysosome accumulation. Pearson’s coefficient was 0.59±0.07 

and Mander’s coefficients were 4%±0.04 (compound 3 

colocalizing with LTG) and 80%±0.24 (LTG colocalizing with 3). 

 

Figure 3. Confocal section of HeLa cells stained with compound 3. Arrows 

point out mitochondria, white arrowheads point out vesicles and yellow 

arrowheads point out the nucleoli. LUT = Fire. Scale bar = 20 m. 

 

Figure 4. Co-localization studies with compound 3 and Mitotracker Green FM 

(A-C) or Lysotracker Green FM (D-F). Single confocal plane of HeLa cells 

incubated with 3 (1 M, red) and Mitotracker Green FM (0.1 M, green) or 

Lysotracker Green FM (0.2 M, green). A), D) Overlay of the two staining. C), 

F) compound 3, B) Mitotracker Green FM signal. E) Lysotracker Green FM 

staining. White arrows point out mitochondria and white arrowheads point out 

coumarin 3 vesicles. Scale bar: 10 m. All images are at the same scale than 

A. 

In summary, we have developed a new class of visible-light-

sensitive PPGs based on COUPY fluorophores for the protection 

of carboxylic acids, which exhibit several attractive properties for 

application in biological systems, such as long wavelength 

absorption owing to a large -conjugated system, large molar 

extinction coefficient and high deprotection rate in aqueous 

media. This novel caging group is completely stable to 

spontaneous hydrolysis in the dark but can be efficiently 

photoactivated by green- (505 nm), yellow- (560 nm) and red-

LED light (620 nm) under physicological-like conditions (PBS 

buffer, 37 ºC), proceeding in a clean fashion as confirmed both 

by HPLC-MS and NMR analysis. COUPY caging groups 

presented here will complement the photochemical toolbox of 

known coumarin-based PPGs, since they offer the possibility of 

unmasking functional groups from COUPY photocages under 

visible light irradiation conditions (e.g., with yellow/red light) in 

which other conventional (e.g., DEACM/DEACE) and non-

conventional (e.g., DEAdcCE/DEAdcCE) coumarin-based 

caging groups remain stable. Importantly, the COUPY-caged 

model compound described here exhibited an excellent cellular 

uptake and accumulated selectively in mitochondria owing to the 

N-alkylpyridinium-based structure of COUPY chromophore, 

which opens the door to delivering biologically-active 

compounds selectively into this key organelle.[5i,6d] Work is in 

progress to further red-shift the absorption maxima of COUPY-

based caging groups to the phototherapeutic window region 

(650−900 nm), as well as to improve the deprotection efficiency 

through additional chemical modifications in the COUPY 

chromophore. 
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this organelle in a selective manner. 
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