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Chapter 1

General Introduction
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1.1 Photoremovable protecting group (PPGs)

Photoremovable protecting groups (PPGs)1 are powerful tools that are widely used to 

investigate biological events in cells.1,2 As we known, one  the research for investigating the 

mechanism of molecular function in life phenomena is use of temporal deactivation ( caging) of 

bioactive substances with PPG and their activation substances such as Benzoic acid are 

temporary protected with PPG a renders inactive by irradiation compound with Light, uv-light 

and a biological reaction can be observed to conduct research on elucidation life phenomena. 

Figure 1 shows an overall mechanism diagram of one Photoremovable protecting groups

(PPGs).1–5

Figure 1. Caging and  uncaging process of molecules containing bioactive group.

In 1989, J. H. Kaplan and A.P. Somlyo introduced flash photolysis of Ca2+ and Mg2+ caged 

compounds and properties of photolabile reagents.1,2 In this report, they mentioned that useful 

photolabile compounds should have 4 properties. First, the biologically active should have no 

exists on caged compound precursor or at least the caged compound precursor less active than 

photoproduct.1,6 Second, for high to yield the biologically effective concentration, the quantum 

efficiency QE (number of molecules photolysis per number of absorbed photons) and rate 

photolysis rate should be sufficiently fast. Third one. the side products of photolysis should be 

biologically inert. And last, the light source for irradiation for photoreaction should be more than 

300 nm, that thing avoid of photodamage.6–11
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Figure 2. Examples of Photoremovable Protecting Groups (PPGs)

In recent years, PPGs aroused interest in applications to biological and materials science.

Not only the protecting and release Ca2+ and Mg2+, but also PPGs have liability release for 

biological group through irradiation photolysis, without chemical reagents.1,2 Figure 2 shows 

some examples of the structure of PPGs containing leaving groups.1–3 As mentioned above, the 

important thing of PPGs should have strong absorption at irradiation wavelengths (high quantum 

yield and conversion). Besides, the PPGs should be solved in the targeted media. Lastly, PPGs 

and photo byproducts should show no toxicity to living cells. For the application to the 

biological experiment, the source light for irradiation also needs to be avoided for tissue and 

cells. However, based on previous reports, UV-light was used for photoreaction. Therefore, 

developing visible (Vis) to near-infrared (NIR)-responsive PPG in the biological window (650–

1350 nm) is crucial for these PPGs applications.12–17

Figure 3 shows the important photoreaction that led to liberation of a leaving group X of 

some structure of previous reports.2
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Figure 3. Photochemistry mechanism of release leaving group X of some structure.
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1.2 Two-photon excitation

a. Two-photon excitation

The first analysis theoretically of two photons absorption by the same molecule was 

reported by Goppert-Mayer in 1931, the unit of two photon (2TP) absorption cross-section is 

follow her named (GM).18,19 However, after the exploration of the laser, W.Kaier and  co-worker 

were proved 2TP by experiment first time in 1961. The Ti:sapphire laser appeared in the 1990s, 

which lead to investigation of two-photon absorption became easier.20

In recent times, two-photon absorption has been widely researched and applied to science, 

especially with biological experiments. This is because two-photon absorption (2PA) has more 

advantages than one-photon absorption (1PA). Normally, 2PA is only observed in intense laser 

beams (specially focused on pulsed lasers), which one create a high instantaneous photon density. 

This can be explained by 2PA involves the simultaneous interaction because of increases with 

the square of the light intensity; meanwhile, 1PA depends on linearly on the intensity (Figure 4).

Figure 4. Excitation process of two-photon compare with one-photon.
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Because two photon excitation (2PE) is observed only in a focus part of the lens , and it 

can activate molecules in three-dimensional space selectively, so, 2TP is possible for 

spatiotemporal release of bioactive compounds. Besides, 2PE can be deep penetration in living

cell and tissues. Not only that, the wavelength for excitation of two photon is two time with one 

photon, that mean irradiation light at near IR region (650-900 nm),19,21 which can be avoid 

damage to the living cells. With the above outstanding advantages, the application scope of 2PA 

is wide range in photodynamic therapy, three-dimensional data-storage, biological experiment 

and specially is delivery drug. Because of wide application range, recently, the design and 

synthesis of 2PA chromophore become prominent topic and high promising on science 

applications.19,22

For the identified the ability application for physiologist of 2PA chromophores, the photo 

uncaging efficiency value is needed to calculation. The photo uncaging efficiency (δ2 = σ2×Φu )

of the TPA process is calculated by product equation of  quantum yield (Φu) of the 1TP 

corresponding uncaging reaction multiplied with TPA cross-section ( σ2 in GM, 1 GM = 10-50

cm4 s photons-1).14,18,20 And for applications to the biological experiments, the TPA cross-section 

(σ2) suggests that should be more than 0.5 GM.19,23

b. Some structures

Figure 5. Cis-stilbene and Trans-stilbene structure

In 1979, Anderson, Hotton and coworker reported the first time with stilbene structures 

have good two-photon responsive, σ2 = 12 GM at 514 nm (Figure 5).18–20 However, the stilbene 
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structure was unstable by irradiation process, the two isomers cis-stilbene and trans-stilbene 

convert to each other through photoreaction.11,12 That thing lead to reducing quantum yield of 

uncaging.  Besides, Marder and coworkers observed that trans-stilbene have good TP cross-

section value more 10 times higher than unsubstituted stilbene. And to avoid cis-trains 

isomerization in stilbene structure moiety, we introduced a cyclized moiety (Figure 5).24,25 The 

stability of stilbene structure by cyclizing has resulted in a high increase in the efficiency for the 

photo uncaging reaction. Not only that, the π-extended conjugated stilbene moieties also 

improve the σ2 value of TPA chromophores, some structures contain stilbene core in figure 6 was 

researched and reported. 

Figure  6. Some structures contain stilbene core after extended.

Besides cage compounds containing stilbene core, Nitroindoline (NI) chromophores and 

coumarin cages for two-photon uncaging were also widely developed and studied.5,18,19 The NI 

compounds were introduced for the first time as photosensitive derivatives by Amit and 

coworkers in 1975. The advantage of NI chromophores is good stability at physiological pH, 

almost negligible hydrolysis in physiological conditions. That reason why, indole based caged 

derivatives were widely applied in biological (living cell, tissue...) and in vivo studies as caged 

neurotransmitters. However, the TP uncaging cross-section of NI chromophore is not so high. 

Some structures extended and using NI core showed in Figure 7.19

In 1984, Givens and Matuszewski were first reported about coumarin-4-ylmethyl and this 

molecular have become a new type of photolabile group.18 Figure 8 shows some structure 



7

containing coumarin was reported. Coumarin cage compounds have good TP cross-sections

more than NI chromophores; but the uncaging reaction were not clean of di-substituted 

derivatives.18–20,26

Figure 7. Nitroindoline (NI) chromophores for two photon uncaging.

Figure 8. Coumarin cage compounds for two photon uncaging.
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Chapter 2

Development of a Two-Photon Responsive Chromophore, 
2-(p-Aminophenyl)-5,6-dimethoxy-1-(hydroxyinden-3-

yl)methyl Derivative,  as Photoremovable Protecting 
Group
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2.1 Introduction

As mentioned in chapter 1, photoremovable protecting groups (PPGs) have 3 criteria. 

PPGs should have high efficiency in light absorption and be soluble in the targeted media. And 

for apply to biological experiments, the high excitation efficient, quickly release and avoid 

toxicity to living cells was necessary with a PPGs. However, the use of UV light to release 

bioactive molecules is harm  and damage to living cells  and tissues. The solution to this problem 

is to use light near-infrared ( NIR) for irradiation reaction and using two-photon excitation is 

good solution. Therefore, developing visible (Vis) to near-infrared (NIR)-responsive PPG in the

biological window (650–1350 nm) is crucial for these applications.1-3

Figure 1. (a) previous study using 2-p-aminophenyl-1-(hydroxyinden-3-yl)methyl (pAPI) PPG; 

(b) this study using 2-(p-aminophenyl)-5,6-dimethoxy-1-(hydroxyinden-3-yl)methyl (DM-pAPI-

PPG) for two photon (2P)-induced uncaging reaction.
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On previous study, a chromophore was synthesis base on stilbene core as known as a 2-p-

aminophenyl-1-(hydroxyinden-3-yl)methyl (pAPI) in caged benzoic A with high conversion of 

benzoic acid (BA). The π-conjugated stilbene system that determines the absorption spectra was 

designed to be changed to the less-conjugated styrene unit during the photoreaction (Figure 1a). 

In fact, on previous study, we observed the high release yield of BA of cage compound A (96%) 

with relatively high photochemical quantum yields in DMSO and MeOH (Фu = 0.13, Фu = 0.52,

respectively).4 We can be seen the chromophore pAPI can be seen hopefully of potential. 

However, the problem of A is low two-photon (2P) absorption cross-section in near-infrared 

region with the uncaging efficiency of δ2 < 0.5 GM at 680 nm, which could not application to 

biological experiments.1-3 That reason above, in this study, we tried to design new caged 

compounds 12a and 12b, two methoxy groups such as EDG (electron-donating groups) was 

added at the C5 and C6 position of pAPI structure.  We expected the two methoxy groups to the 

bath chromatically red-shift and 2P absorption band toward the biological window. Besides, for 

the future biological experiments, we added the piperazine moiety for increase the water 

solubility for biological experiments (Figure 1b).4-6

2.2. Results and discussion

Route of synthesis of caged benzoic acids 12a,b and chromophore DM-pAPI-PPGs 

13a,b showed on scheme 1 and synthesis from commercially available  chemicals.7-11

Compounds 3, 4a, 5a, 5b, and 7 were prepared using methods reported in previous studies. The 

syntheses of compounds 8 and 12 were optimized, as described in the Experimental section, to 

obtain relatively high yields. Compounds 13a and 13b were prepared by the oxidation of 9a and 

b using SeO2, respectively, followed by the reduction of the corresponding aldehydes by NaBH4

as a reducing reagent at 0 °C. and 12a at B3LYP/6-31G(d) level of theory.

Scheme 1. Synthesis of new caged compounds 12a and 12b and DM-pAPI-PPG 13a and 13b
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Table 1 shows photophysical properties, wavelength maximum absorption (λabs), molar 

absorptivity (ε), wavelength maximum emission (λemission), quantum yield fluorescence (Φf), 

fluorescence lifetime ( )  of 12a,b and 13a,b in various  solvents in the direction of increasing 

polarization. As predicted, the one-photon (1P) absorption bands of 12a,b measured in DMSO 

and MeOH were bathochromically shifted compared to that of compound A by 5-20 nm, 

respectively (Figure 2 and Table 2). From table 1, the increasing polarization is decreasing of 

UV absorption maximum wavelength of 12a,b. We also observed a similar thing with 

chromophores 13a and 13b.
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Table 1: Photophysical properties, wavelength maximum absorption (λabs), molar 

absorptivity (ε), wavelength maximum emission (λemission), quantum yield fluorescence (Φf),

fluorescence lifetime ( )  of compounds 12a,b and 13a,b 

Entry Compound Solvent λ abs

nm ε/ M 1 cm 1 λ emission 

nm
Φf at λ
abs max

/ ns at    
λ emi.max

1

12a

Toluene 352 16978 ±446 453 0.008 1.2

2 CHCl3 350 17979 ±479 450 0.001 2.5

3 MeOH 342 17496 ±461 428 0.007 1.8

4 CH3CN 344 21596 ±460 445 0.001 2.1

5 DMSO 347 18398 ±488 444 0.004 2.4

6

13a

Toluene 348 20758 ±661 455 0.153 1.1

7 CHCl3 349 13264 ±422 456 0.011 1.6

8 MeOH 337 18968 ±605 422 0.045 1.7

9 CH3CN 340 12986 ±413 450 0.049 1.8

10 DMSO 343 18994 ±725 454 0.189 1.2

11

12b

Toluene 365 21398 ±462 456 0.001 1.5

12 CHCl3 367 15347 ±332 459 0.003 2.7

13 MeOH 358 16104 ±348 448 0.002 1.8

14 CH3CN 357 15847 ±260 455 0.002 2.9

15 DMSO 362 13766 ±341 456 0.004 6.7

16

13b

Toluene 361 17069 ±534 464 0.199 0.7

17 CHCl3 364 15051 ±514 463 0.015 2.0

18 MeOH 352 17813 ±558 440 0.004 1.8

19 CH3CN 354 21521 ±624 465 0.049 1.4

20 DMSO 356 18297 ±523 458 0.189 0.7
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Figure 3 showed UV absorption of compounds 12a and 12b in DMSO and MeOH 

compared with compound A of previous report. In DMSO, the maximum absorption wavelength 

of compound 12a (347 nm) is 5 nm higher than of compound A (342 nm) (table 2). Moreover, 

we observed the compound  12b (λabs = 362 nm) redder shift than compound 12a (λabs = 347 nm). 

We also observed a similar thing in MeOH. For explanation that thing, The more red-shifted 

absorption band of 12b in comparison with that of 12a could be explained by the smaller 

dihedral angle between diethyl amino moiety and the benzene ring (θ12b) compared to that 

between piperazine moiety and the benzene ring (θ12a), facilitating the charge transfer from the 

EDGs. Figure 4 showed dihedral angles θ12b and θ12a were calculated to be –2.1 and 11.1 ,

respectively, in the optimized structures of 12b and 12a at B3LYP/6-31G(d) level of theory.

Figure 3. UV–Vis absorption spectra of compounds A, 12a and 12b in (a) DMSO and (b) 

MeOH
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Figure 4. The angle between diethyl amino moiety and the benzene ring (φ1) compared to that 
angle between piperazine moiety and the benzene ring (φ2) B3LYP/6-31G(d) level of theory.

Table 2. Amino group effect on absorption spectra and photoreaction in DMSO

Entry Caged

compound

λmax

[nm]

ε

[M 1 cm 1]

Chemical yields of 

benzoic acid (%)[a]

Quantum yields[b]

1 A 342 22047 96 0.20

2 12a 347 18398 94 0.73

3 12b 362 13766 92 0.74

[a] Photoreaction of caged compounds were conducted using LED lamp at 365 nm and 

monitoring by 1H-NMR. [b] Quantum yields for the consumption of cage compounds were 

determined using HPLC and a ferrioxalate actinometer. 
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For the study about chemical yield of uncasing of benzoic  acid (BA) of new cage 

compounds, photoreactions of 12a and 12b (5.43 mM) were examined in air-saturated d6-DMSO 

using a 365 nm LED lamp (±20 nm, 45 mW) as the light source at room temperature 

(approximately 25 °C). Figure 5 showed spectra during photolysis mixture at 365 nm in DMSO-

d6 under air at different time points of 12a and 12b compared with NMR spectra of authentic 

sample of benzoic acid (BA), and the time of consume compound 12b (5 min) longer than 

compound 12a (2 min). Benzoic acid (BA) was observed in the photoreactions of 12a and 12b

with yields of 92% (entry 2 in Table 2) and 94% (entry 3). Notably, the photochemical quantum 

yields of decomposition of 12a and 12b were 0.73 and 0.74, respectively, which were 

significantly higher than those reported previously for caged compound A (entry 1 in Table 2).

Products derived from the chromophore moiety were not identified because of the complex 

mixtures in d6-DMSO.
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Figure 5. 1H-NMR spectra (6.5–8.2 ppm) during photolysis mixture at 365 nm in DMSO-d6

under air at different time points of 12a [a] and 12b [b] compare with NMR spectra of authentic 

sample of benzoic acid (BA). The chemical yields were determined by comparing the integration 

of triphenylmethane with those of BA.
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N N

O

Ph
O

OH
HO OO

O
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(± 20nm)
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DMSO, r.t
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BA
BA

BA
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12a

12a

12a

12a

12a
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Next experiment, the photoreaction of 12a was performed in MeOH under air condition

and LED lamp at 365 nm for irradiation (Figure 6) to identify the photoproducts derived from 

the chromophore and the intermediates generated in the photoreactions. The photoproducts were 

purified by column chromatography on silica gel (eluent: hexane: Hex/EtOAc = 5/1 v/v). 

Benzoic acid (BA) was isolated in 92% yield, similar to the yield observed in DMSO. 

Interestingly, cis- and trans-14a compounds, whose structures were determined by 1H NMR and 

NOESY spectroscopy, were isolated as the primary photoproducts with chemical yields of 26% 

and 33%, respectively. The formation of two MeOH adducts provides strong evidence for the 

existence of B2 (Scheme 2). 

Figure 6. 1H-NMR spectra of photoreaction of compound 12a in MeOH and photo products BA, 

cis-14a, and trans-14a (400 MHz, CDCl3)
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Based on product analysis, the mechanism of the photoreactions of 12a and 12b was 

proposed, as described in Scheme 2. Light irradiation generates cation B1, which is the resonant 

form of B2: DFT optimization of cation B1 at the B3LYP/6-31G(d) level of theory showed that 

the atomic polar tensor positive charge was localized at the p-aminobenzyl moiety (Figure 7),

which rationalized the experimental results that the MeOH-adduct product of B2 was observed 

instead of the MeOH-adduct product of B1.

Scheme 2. Proposed mechanism for photoreactions of 12a and 12b



22

Figure 7. The optimization of charge distribution of cations B2a and B2b at B3LYP/6-31G(d) 
level of theory

Cation B2a

+ 0.012

-0.041 + 0.15

+ 0.41

Cation B2b-0.041

+0.41+0.012

+0.13
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Transient absorption spectroscopy in photolysis of 12a,b. Transient absorption 

spectroscopy with a laser flash photolysis method was performed using an Nd:YAG laser (355 

nm, 4 ns pulse width, 4 mJ/pulse) to further investigate the mechanism of the photoreaction of 

12a,b. First able, the transient absorption band at 440 nm is consistent with the UV spectrum of 

cation B2a and B2b calculated at the B3LYP/6-31G(d) level of theory (Figure 8). Based on 

experimental and computational considerations ( at 400 nm ), we assigned an absorption band at 

440 nm to cation B2a and B2b.

The transient absorption spectra of 12a in argon (Ar)-saturated DMSO and air-saturated 

DMSO showed a negative band at 360 nm, corresponding to the photobleaching of 12a, and a 

positive band at 440 nm (Figures 9a,b). The lifetime of τDMSO,Ar = 0.31 ms at 440 nm under Ar at 

298 K was similar to that observed under air conditions, τDMSO,air = 0.31 ms (Figure 9c). We also 

observed transient absorption spectra of 12a in MeOH under argon and air condition, the 

negative band showed at 360 nm. The lifetime of 12a in MeOH under both conditions is similar 

( τMeOH,Ar = 4.98 ms, τMeOH,air = 4.73 ms), longer than in  DMSO (Figure 9d-e). 
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Figure 8. Computed UV-vis absorption spectra of cations B2a and B2b in gas phase at td-

rb3lyp/6-31g (d) level of theory. 
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Figure 9. Sub-microsecond transient absorption spectroscopy of 12a in DMSO and MeOH (51 

μM, Abs at 355 nm ~1.0) using 355 nm Nd:YAG laser (4 ns pulse width, 4.2 mJ/pulse) at 298 K. 

(a) Transient absorption spectra after LFP under Air in DMSO. (b) Transient absorption spectra 

after LFP under Ar in DMSO. (c) time profile observed at 440 nm in DMSO. (d) Transient 

absorption spectra after LFP under Air in MeOH. (e) Transient absorption spectra after LFP 

under Ar in MeOH. (f) time profile observed at 440 nm in MeOH 
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Similarly, the transient absorption spectrum of 12b showed a positive absorption band at 

440 nm (Figure 10a–e), indicating that the cation B2 formed under light irradiation. Moreover, 

the lifetimes of the decay curve monitored at 440 nm of 12b ( DMSO = 1.01 ms, MeOH = 530 ms)

were considerably longer than those number of 12a ( DMSO = 0.31 ms, MeOH = 4.98 ms)  

measured in similar conditions, suggesting the stronger conjugation from the diethylamino group 

than that from the piperazine moiety. 

As mentioned above, the lifetimes of the decay process of 12a monitored at 440 nm 

measured in MeOH (τMeOH,Ar = 4.73 ms; τMeOH,Air = 4.98 ms) were longer than those observed in 

DMSO. The similar thing also observed with 12b (Figure 10). This result could be attributed to 

the higher donor number of DMSO (DN12 = 29.8 kcal/mol) compared to that of MeOH (DN12 =

19 kcal/mol), leading to faster quenching of B2 by DMSO than MeOH, resulting in a longer 

lifetime of B2 in MeOH. 
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Figure 10. Sub-millisecond and second transient absorption spectroscopy of 12b in DMSO and 

MeOH (32 μm, Abs at 355 nm ~1.0) using 355 nm Nd:YAG laser (4 ns pulse width, 4.2 

mJ/pulse) at 298 K. (a) Transient absorption spectra after LFP under Air in DMSO. (b) Transient 

absorption spectra after LFP under Ar in DMSO. (c) Time profile observed at 440 nm in DMSO. 

(d) Transient absorption spectra after LFP under Air in MeOH. (e) Transient absorption spectra 

after LFP under Ar in MeOH. (f) time profile observed at 440 nm in MeOH
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Simultaneous two-photon (2P) excitation reactions of 12a,b. Finally, the 

photoreactions of 12a,b in DMSO under 2P excitation were examined. A femtosecond 

Ti:sapphire laser (approximately 700 mW) was used as light source. The photoreactions were 

monitored by HPLC analysis. The standard compound, 2-(4-ntrophenyl)benzofuranbenzoate 

(NPBF-BA, Figure 11) (18 GM at 720 nm),27 was used as a reference to determine the 2P cross 

section of compounds 12a,b. Figures 12a and 12c show the time profiles of the photoreactions of 

12a,b, respectively, at wavelengths of 690–720 nm. The slopes of the fitted lines represent the 

decomposition rate constants. Based on these data, the 2P cross sections were calculated using 

the following equation:

where σNBPF, ΦNBPF, and kNBPF are the two-photon cross sections of NBPF at 720 nm, the 

decomposition quantum yield of NBPF-BA, and the rate constant of the decomposition of 

NBPF-BA under 720 nm light irradiation, respectively. 

Figure 11. Two-photons Photolysis of NPBF-BA

NPBF-BA: 2PA cross-section of NPBF-BA at 720 nm (18 GM)

NPBF-BA: quantum yield of NPBF-BA at 720 nm (0.09)

kNPBF-BA : rate constant of NPBF-BA at 720 nm (0.000103)
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Two photon absorption spectra were obtained based on the calculated two-photon cross-

sectional values, as shown in Figure 12b and 12d. As shown in Figure 12b, an absorption band 

with a maximum wavelength below 690 nm was observed in the absorption spectrum of 12a.

The 2P cross section and 2P efficiency at 690 nm were determined to be 49.5 and 36 GM, 

respectively, which are ideal values for biological experiments. In contrast, an absorption 

maximum is observed at 695 nm in the 2P absorption spectrum of 12b (Figure 12b), indicating a 

bathochromic shift in the 2P absorption band of 12b compared to that of 12a. This result 

followed the same trend as that of the 1P absorption spectra of 12a and 12b, which originated 

from the stronger electron donation from the diethyl amino group to the benzene ring compared 

to the piperazine moiety. The 2P cross section and 2P uncaging efficiency measured at 695 nm 

for 12b were 40.7 and 30 GM, respectively, implying that chromophores 13a,b are also 

promising PPGs for application in biological studies, which is the next target of our research.
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Figure 12. (a) Time profiles of 2P photolysis of 12a in DMSO, depicted as a function of 

ln([12a]/[12a]0) with irradiation time at 690–720 nm, (c) Time profiles of 2P photolysis of 12b

in DMSO, depicted as a function of ln([12b]/[12b]0) with irradiation time at 690–720 nm. (b) 

2PA spectra of 12a in DMSO. (d) 2PA spectra of 12b in DMSO
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2.3 Experimental section

General Information. 

All reactions were performed under nitrogen atmosphere in flame-dry glassware with 

stirring magnetic and the temperature is controlled by an oil stove. Reagents were used as 

obtained from commercial suppliers without further purification. Silica Gel 60 N (spherical,

neutral) 63–210 μm was purchased from Kanto Chemical CO., Inc.

to use silica gel column chromatography. Preparatory TLC (prep TLC) was conducted using 

Merck F254 Prep-20 × 20 cm TLC plates. 1H-NMR and 13C-NMR spectra were recorded on a 

Bruker ASCENDTM 400 (1H, 400 MHz, 13C, 100 MHz). Signal positions were given in parts 

per million (ppm) from tetramethylsilane (δ 0.00) and measured relative to the signal of the 

solvent (CDCl3: δ 7.26, 1H NMR; δ 77.16, 13C NMR). Data are reported as follows: chemical 

shift, multiplicity (s=singlet, d= doublet, dd=doublet of doublets, t=triplet, q=quartet, dq= 

doublet of quartets, br=broad signal, m=multiplet), coupling constant (Hz), and integration. UV-

vis spectra were recorded on a SHIMADZU UV-3600 Plus spectrophotometer. Mass-

spectrometric data were measured by Mass Spectrometric Thermo Fisher Scientific LTQ 

Orbitrap XL, whose measurements were supported by National Science Centre for Basic 

Research and Development (N-BARD), Hiroshima Univ.

Laser flash phtolysis (LFP) measurements

Transient absorption spectroscopy with a laser flash photolysis method was performed using an 

Nd:YAG laser at 355 nm, 4 ns pulse width, 4 mJ/pulse.

Computational method

B3LYP/6-31G(d) level of theory of reaction profiles and geometry optimization were using for 

calculated and using the Gaussian suite programming.
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Synthesis

Synthesis of compounds 3, 4a, 5a, 5b, and 7 were prepared using methods reported in 

previous studies and confirmed by 1H-NMR spectra. 28–32

1-(4-bromophenyl)piperazine (3). 1H NMR (400 MHz, CD3OD), δ (ppm) 7.40 (d, J = 9.0 

Hz 2H), 6.95 (d, J = 9.0 Hz 2H), 3.41-3.33 (m, 8H).

tert-butyl 4-(4-bromophenyl)piperazine-1-carboxylate (4a) . 1H NMR (400 MHz, CDCl3),

δ (ppm) 7.35 (d, J = 8.8 Hz 2H), 6.78 (d, J = 8.8 Hz 2H), 3.56 (t, J = 7.2 Hz 4H), 3.09 (d, J = 7.2 

Hz 4H),  1.47 (s, 9H).

tert-butyl 4-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)piperazine-1-

carboxylate (5a) . 1H NMR (400 MHz, CDCl3), δ (ppm) ) 7.36 (d, J = 8.8 Hz 2H), 6.90 (d, J =

8.8 Hz 2H), 3.58 (t, J = 7.04 Hz 4H), 3.24 (d, J = 7.04 Hz 4H),  1.49 (s, 9H), 1.34(s, 12H).

N,N-diethyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (5b) . 1H NMR (400 

MHz, CDCl3), δ (ppm) 7.65 (d, J = 8.8 Hz 2H), 6.63 (d, J = 8.8 Hz 2H), 3.37 (q, J = 7.04 Hz 

4H), 1.16 (t, J = 7.04 Hz 6H).

5,6-dimethoxy-3-methyl-2,3-dihydro-1H-inden-1-one (7) . 1H NMR (400 MHz, CDCl3), δ 

(ppm) 7.15 (s, 1H), 6.88 (d, 1H), 3.98 (t, 3H), 3.90 (d, 3H),  3.40-3.31 (m, 1H), 2.90 (dd, J =

7.04 Hz 1H), 2.16 (dd,J = 3.1 Hz 1H), 1.37 (d, J = 7.04 Hz 3H).

2,2-Dibromo-5,6-dimethoxy-3-methyl-2,3-dihydro-1H-inden-1-one (8). PPh3·HBr (7.35 g, 

21.43 mmol) was taken in a flask and DMSO dry (60 ml) was added dropwise under nitrogen 

atmosphere. Compound 7 (2.2 g, 10.68 mmol) was added into the reaction mixture at r.t and the 

mixture of reaction was stirred over 50 °C in oil bath for 24 h. After finished reaction, the 

reaction mixture was quenched by saturated NH4Cl and extracted with EtOAc. The organic 
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phase was dried with Na2SO4, filtered, concentrated under reduced pressure, and was quickly 

subjected to a short column chromatography to afford 1.45 g (3.98 mmol) of the dibromide. The 

dibromide, Li2CO3 (1.03 g, 11.94 mmol) and LiBr (882.4 mg, 11.94 mmol) was added in a flask 

and degassed by Nitrogen. After that, 16.5 mL of DMF was added to the mixture reaction under 

nitrogen atmosphere and stirred at 50°C by oil bath over 24 h. After 24 h, the mixture was 

extracted with EtOAc. The organic phase was dried by Na2SO4, filled and the organic solvent 

evaporated. The products were purified by column chromatography with Hexane/EtOAc = 3/1, 

v/v to afford compound 8 (1.2 g, 37%) with red solid. 1H NMR (400 MHz, CDCl3), δ (ppm) 7.09 

(s, 1H), 6.66 (s, 1H), 3.95 (s, 3H), 3.88 (s, 3H), 2.18 (s, 3H).; 13C{1H} NMR (100 MHz, CDCl3), 

δ (ppm) 189.2, 155.9, 153.1, 148.85, 139.3, 121.9, 116.6, 107.9, 104.3, 56.5, 56.4, 13.2; IR (KBr, 

cm-1), 2988, 2937, 1710, 1611, 1582, 1465, 1406, 1347, 1312, 1254, 1024.  HRMS (ESI) m/z: 

[M + Na]+ calcd for C12H11BrO3Na, 304.9789; found, 304.9786. Mp: 135-146 °C .

tert-Butyl 4-(4-(5,6-dimethoxy-3-methyl-1-oxo-1H-inden-2-yl)phenyl)piperazine-1-

carboxylate (9a). Compound 8 (1.12 g, 3.98 mmol), compound 5a (1.7 g, 4.38 mmol), NaHCO3

(1.05 g, 17.5 mmol) and PdCl2(PPh3)2 (176 mg, 0.25 mmol) were mixed in dioxane/H2O (5:2, 90 

ml). The reaction mixture was stirred at 70 °C (using oil bath) for 16h under nitrogen. After the 

reaction was completed, the mixture was diluted with H2O and extracted with CH2Cl2. The 

organic layers were dried over Na2SO4, filtered and concentrated. The products were separated 

using column chromatography on silica gel with Hex/ EtOAc = 2:1, v/v as an eluent and 

obtained 9a with red solid (370 mg, 20%). 1H NMR (400 MHz, CDCl3), δ (ppm) 7.35 (d, J = 8.8 

Hz 2H), 7.11 (s, 1H), 6.97 (d, J = 8.8 Hz 2H), 6.72 (s, 1H), 3.98 (s, 3H), 3.91 (s, 3H), 3.59 (t, J =

5.3 Hz  4H), 3.18 (t, J = 5.3 Hz 4H), 2.27 (s, 3H), 1.49 (s, 9H); 13C{1H} NMR (100 MHz, 

CDCl3), δ (ppm)  197.0, 152.9, 149.4, 148.4, 147.0, 141.2, 132.2, 130.5, 122.9, 118.2, 111.3, 

107.0, 103.8, 56.4, 56.3, 44.3, 12.67, 12.61. IR (KBr, cm-1), 2982, 2935, 1700, 1596, 1493, 1416, 
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1234, 1171, 1121, 1034; HRMS (ESI) m/z: [M + Na]+ C27H32N2O5Na, 487.2203; found 

487.2202. Mp: 170-176 °C .

2-(4-(Diethylamino)phenyl)-5,6-dimethoxy-3-methyl-1H-inden-1-one (9b). Compound 8

(1.05 g, 3.74 mmol), compound 5b (1.2 g, 4.1 mmol), K2CO3 (2.26 g, 16.4 mmol) and 

PdCl(PPh3)2 (166 mg, 0.24 mmol) were mixed in dioxane/H2O (5:2, 85 mL). The reaction is 

carried out similar to that of synthesis compound 9a. The crude was separated using column 

chromatography on silica gel with Hex/ EtOAc = 2:1, v/v as an eluent and obtained 9b with dark 

red solid (230 mg, 18%). 1H NMR (400 MHz, CDCl3), δ (ppm) 7.31 (d, J = 8.8 Hz, 2H), 7.09 (s, 

1H), 6.71 (d, J = 8.8 Hz, 2H), 6.69 (s, 1H), 3.97 (s, 3H), 3.90 (s, 3H), 3.43 (q, J = 7.04 Hz, 4H), , 

2.27 (s, 3H), 1.18 (t, J = 7.04 Hz, 4H); 13C{1H} NMR (100 MHz, CDCl3), δ(ppm) 197.2, 153.1, 

149.5, 148.6, 147.2, 141.4, 130.6, 123.1, 118.4, 111.4, 107.2, 103.9, 77.3, 56.58, 56.53, 44.5, 

12.8; IR (KBr, cm-1), 3012, 2989, 2915, 1694, 1592, 1516, 1490, 1351, 1293, 1210, 1121, 1092, 

1038; HRMS (ESI) m/z: [M + H]+ C22H26ON3, 352.1907; found, 352.1911. Mp: 200-207 °C .

tert-Butyl 4-(4-(3-(hydroxymethyl)-5,6-dimethoxy-1-oxo-1H-inden-2-

yl)phenyl)piperazine-1-carboxylate (10a). Compound 9a (200 mg, 0.43 mmol) and SeO2 (71.1 

mg, 0.65 mmol) were dissolved  in 12.3 ml xylene and stirred by oil bath at 130 °C for 20 h.  

The suspension was filtrated (without cooling to r.t) and residue was washed with EtOAc and 

evaporated crude of product for the next step. The mixture of NaBH4 (122.5 mg, 3.23 mmol) in 

13.1 mL of benzene and CH3COOH (1.5 mL) in 5 mL benzene was prepared and refluxed over 

80 °C in 30 min. The mixture was transferred to a solution of crude product in dry benzene (2.05 

mL). This solution was heated to 80oC in 2 h. After 2h of stirring, the solution was extracted 

with DCM, dried with Na2SO4, and evaporated. The crude product was purified by silica gel 

column chromatography (hexane/EtOAc=2/1, v/v) to give 10a as a red solid (46 mg, 25%). 1H

NMR (400 MHz, CDCl3), δ(ppm) 7.30 (d, J = 8.8 Hz 2H), 7.13 (s, 1H), 7.05 (s, 1H), 6.96 (d, J

= 8.9 Hz 2H), 4.81 (d, J = 5.6 Hz 2H), 3.97 (s, 3H), 3.91 (s, 3H), 3.59 (t, J = 5.2 Hz 4H), 3.20 (t, 
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J = 5.0 4H), 1.49 (s, 9H); 13C{1H} NMR  (100 MHz, CDCl3), δ(ppm) 196.7, 154.8, 153.4, 151.0, 

150.4, 148.8, 139.5, 132.9, 131.0, 130.6, 128.9, 122.7,121.9, 116.0, 107.6, 106.1, 80.1, 58.0, 

56.57, 56.52, 48.8, 28.5. IR (KBr, cm-1), 3362, 2971, 2933, 1697, 1592, 1460, 1352, 1234, 1171, 

1030; HRMS-ESI m/z: [M + Na]+ calcd for C27H32N2O6Na, 503.2152; found 503.2152. Mp:

130-136 °C .

2-(4-(diethylamino)phenyl)-3-(hydroxymethyl)-5,6-dimethoxy-1H-inden-1-one (10b).

Compound 9b (200 mg, 0.57 mmol) and SeO2 (124.5 mg, 1.14 mmol) were mixed on reaction 

flask in 16.2 ml xylene and stirred at 130oC by oil bath over 16h.  A mixture of NaBH4 and 

CH3COOH was prepared in the same way as for 9a and performed similar to the synthesis of 

compound 9a. Compound 10b was obtained as a dark red solid (40 mg, 20%).1H NMR (400 

MHz, CDCl3), δ(ppm) 7.30 (d, J = 8.8 Hz 2H), 7.15 (s, 1H), 7.04 (s, 1H), 6.73 (d, J = 8.8 Hz 

2H), 4.85 (d, J = 5.8 Hz 2H), 3.99 (s, 3H), 3.92 (s 3H), 3.41 (q, H = 7.2 Hz, 4H), 1.21 (t, H = 

7.1 Hz 6H); 13C{1H} NMR  (100 MHz, CDCl3), 197.2, 153.4, 148.5, 148.4, 147.7, 140.1, 133.5, 

130.8, 122.8, 117.2, 111.4, 107.6, 105.7, 58.1, 56.5, 56.5, 44.5, 12.7. IR (KBr, cm-1), 3493, 2988, 

1736, 1701, 1606, 1587, 1491, 1462, 1301, 1295, 1087. HRMS (ESI) m/z: [M + H]+ C22H26NO4,

368.1857; found, 368.1857. Mp: 158-165 °C .

General  Procedure for the synthesis of 11a-b. Benzoic acid (16 mg, 0.131 mmol, 1.4 eq)

in dry CH2Cl2 was added DMAP (4.1 mg, 0.033 mmol, 0.351 eq) and this mixture was stirred at 

room temperature for 10 min under nitrogen atmosphere. Subsequently, N,N’-

Dicyclohexylcarbodiimide (24.3 mg, 0.118 mmol, 1.25 eq) was added, and the mixture was 

stirred at room temperature for 12-14h. The reaction mixture was poured into water and 

extracted with DCM. The organic layer was dried over Na2SO4, filtered, evaporated under 

reduced pressure, and separated via column chromatography (hexane/EtOAc = 4/1, v/v) to 

obtain the product.
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(11a) Tert-butyl 4-(4-(3-((benzoyloxy)methyl)-5,6-dimethoxy-1-oxo-1H-inden-2-

yl)phenyl)piperazine-1-carboxylate. The synthesis of 10a (45 mg, 0.094 mmol, 1 eq) in 10 ml

CH2Cl2 at r.t. afforded compound 11a as a white solid (42 mg, 76%). 1H NMR (400 MHz, 

CDCl3), δ (ppm) 8.05 (d, J = 8.4 Hz 2H), 7.62-7.37 (m, 5H), 7.15 (s, 1H), 6.97 (d, J = 8.8 Hz 

2H), 6.91 (s, 1H), 5.44 (s, 2H), 3.9 (s, 3H), 3.85 (s, 3H), 3.58 (t, J =5.3 Hz 4H), 3.20 (t, J = 5.2 

Hz 4H), 1.48 (s, 9H).; 13C{1H} NMR (100 MHz, CDCl3), δ (ppm) 196.2, 166.3, 154.8, 153.5, 

151.1, 148.9, 145.9,139.3, 135.1,133.6, 130.7, 129.8, 129.7, 128.7, 122.6, 121.6, 116.0, 107.8, 

105.5, 80.1, 77.8, 59.5, 56.5, 56.4, 48.7, 28.5.; IR (KBr, cm-1), 3412, 3069, 2932, 1701,1493, 

1351, 1267, 1234, 1171, 1029. HRMS-ESI m/z: [M + Na]+ calcd for C34H36N2O7Na, 607.2421;

found 607.2418. Mp: 155-162 °C .

(11b) (2-(4-(Diethylamino)phenyl)-5,6-dimethoxy-1-oxo-1H-inden-3-yl)methyl benzoate.

Compound 10b (34.31 mg, 0.094 mmol, 1eq) in 10 ml CH2Cl2 at r.t. Compound 11b was a white 

solid (18 mg, 35%). 1H NMR (400 MHz, CDCl3), δ (ppm), 8.07 (d, J =7.6 Hz 2H)), 7.62 – 7.39

(m, 5H),  7.14 (s, 1H), 6.88 (s, 1H), 6.72 (d, J = 7.4 Hz 2H), 5.45 (s, 2H), 3.90 (s, 3H), 3.85 (s, 

3H), 3.39 (q, J = 7.2 Hz, 4H), 1.18 (t, J = 7.1 Hz 6H). 13C{1H} NMR (100 MHz, CDCl3), δ

(ppm) 196.7, 166.3, 153.4, 148.4, 147.8, 143.5, 139.7, 133.3, 130.7, 129.75, 129.72, 128.57, 

128.54, 126.6, 122.4, 116.8, 111.3, 107.6, 105.1, 59.5, 56.4, 56.2, 44.3, 12.6. IR (KBr, cm-1),

3348, 3015, 2925, 1698, 1524, 1500, 1350, 1262, 1209, 1029. HRMS (ESI) m/z: [M + H]+

C29H29NO5, 472.2119; found, 472.2116. Mp: 195-201 °C .

General  Procedure for the synthesis of 12a-b. Solvent for reaction used methanol and 

cooled to 0 °C , NaBH4 ( 6 eq) was added slowly in portion over 30 min. The mixture was stirred 

at 0 °C in 2 h. The mixture was then treated with diluted HCl 1N, extracted with EtOAc, washed 

with NaHCO3 and dried with Na2SO4. After filtration, the organic layer was concentrated under 

vacuum. The crude product was purified by column chromatography using a Hex: EtOAc = 2:1.
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Tert-butyl 4-(4-(3-((benzoyloxy)methyl)-1-hydroxy-5,6-dimethoxy-1H-inden-2-yl)phenyl) 

piperazine-1-carboxylate (12a). Prepared from 11a (42 mg, 0.07 mmol, 1eq) in 1.55 ml MeOH. 

After purification, 12a was obtained as a white solid (25 mg, 60% yield). 1H NMR (400 MHz, 

CDCl3), δ (ppm) 8.06 (d, J = 8.3 Hz 2H), 7.59 - 7.40 (m ,5H), 7.22 (s, 1H), 7.04 - 6.95 (m, 3H), 

5.49 (d, J = 12.7 Hz 2H), 5.31 (d, J = 12.5 Hz 1H), 3.93 (s, 3H), 3.85 (s, 3H), 3.59 (t, J = 5.3 Hz 

4H), 3.21 (s, J = 5.3Hz 4H), 1.49 (s, 9H).; 13C{1H} NMR (100 MHz, CDCl3) δ (ppm) 166.7,

154.8, 150.9, 149.9, 148.1, 136.3, 135.4, 133.3, 131.2, 130.13, 130.10, 129.8, 128.6, 116.4, 

108.1, 104.2, 80.1, 77.6, 59.7, 56.5, 56.3, 48.8, 28.6.  IR (KBr, cm-1), 3451, 3072, 2978, 2925, 

1692, 1606, 1491, 1415, 1268, 1239, 1161, 1063. HRMS-ESI m/z: [M + Na]+ calcd for

C34H38N2O7Na, 609.2571; found 609.2580. Mp: 96-101 °C .

(2-(4-(diethylamino)phenyl)-1-hydroxy-5,6-dimethoxy-1H-inden-3-yl)methyl benzoate

(12b). Prepared from 11b (33.46 mg, 0.07 mmol, 1eq) in 1.55 ml MeOH. Compound 12b was 

obtained as a white solid in 60% yield (20 mg). 1H NMR (400 MHz, CDCl3), δ(ppm) 8.08 (d, H 

= 8.0 Hz, 2H), 7.58-7.40 (m, 5H), 7.22 (s, 1H), 6.99 (s, 1H), 8.76 (d, J = 8.8 Hz), 5.54 – 5.31 (m, 

3H), 3.93 (s, 3H), 3.85 (s, 3H), 3.39 (q, J = 7.2 Hz 4H), 1.19 (t, J = 7.04 Hz 6H); 13C{1H} NMR 

(100 MHz, CDCl3) δ (ppm) 147.7, 136.1, 133.2, 130.4, 130.3, 129.9, 128.6, 111.8, 111.5, 108.2, 

103.9, 77.8, 77.3, 59.9, 56.5, 56.3, 56.3, 44.5, 12.8. IR (KBr, cm-1), 3464, 3079, 2982, 1716, 

1600, 1520, 1491, 1352, 1268, 1211, 1067. HRMS (ESI) m/z: [M + H]+ C29H32NO5, 474.2275; 

found, 474.2278. Mp: 78-84 °C .

General Procedure for the synthesis of 13a-b. Reagent for reaction was using SeO2 (17.8 

mg, 0.16 mmol, 1.5 eq). The mixture was heated under reflux for 24 h in xylene (3.0 ml). After 

the reaction was complete, the reaction mixture was extracted with EtOAc and evaporated, and 

the crude product was used for the next step. MeOH (7 ml) and cooled to 0 °C . After that, the 

NaBH4 (13.62 mg, 0.36 mmol, 3 eq) was added slowly over 30 min and the  mixture was stirred 

at 0 °C in 2 h. The reaction mixture was diluted by HCL 2N, extracted with EtOAc, and washed 
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with salt. NaHCO3 and dried over Na2SO4. After filtration and evaporation, the crude product 

was purified by column chromatography using Hex: EtOAc = 1:1

tert-Butyl 4-(4-(1-hydroxy-3-(hydroxymethyl)-5,6-dimethoxy-1H-inden-2-

yl)phenyl)piperazine-1-carboxylate (13a). Synthesis of 9a (50 mg, 0.107 mmol, 1 equiv.) in 3.0 

ml Xylene. Compound 13a was obtained as a white solid (7.5 mg). 1H NMR (400 MHz, CDCl3), 

δ (ppm) 7.44 (d, J = 8.8 Hz 2H), 7.23 (s, 1H), 7.09 (s, 1H), 7.01 (d, J = 8.8 Hz 2H), 5.49 (d, J =

6.6 Hz, 1H), 4.82-4.69 (m, 2H), 3.97 (s, 3H), 3.96 (s, 3H), 3.62 (t, J = 5.3 Hz 4H), 3.23 (t, J =

5.3 Hz, 4H), 1.51 (s, 9H); 13C{1H} NMR (100 MHz, CDCl3) δ (ppm) 154.7, 149.8, 148.0, 145.6, 

36.5, 135.4, 135.2, 135.0, 129.9, 125.3, 116.2, 108.1, 104.1, 80.0, 77.2, 57.4, 56.34, 56.31, 48.8, 

43.3, 28.4. IR (KBr, cm-1), 3401, 2973, 1704, 1602, 1498, 1460, 1420, 1240, 1141, 1062. 

HRMS-ESI m/z: [M + Na]+ calcd for C27H34N2O6Na, 505.2309; found 505.2308. Mp: 145-

151 °C .

2-(4-(diethylamino)phenyl)-3-(hydroxymethyl)-5,6-dimethoxy-1H-inden-1-ol (13b).

Compound 13b was prepared from 9b (37.6 mg, 0.107 mmol, 1 equiv). Compound 13b was 

obtained as a white solid (6.0 mg). 1H NMR (400 MHz, CDCl3), δ (ppm) 7.04 (d, J = 8.9 Hz 2H), 

7.23 (s, 1H), 7.07 (s, 1H), 6.77 (d, J = 8.9 Hz 2H), 5.50 (d, J = 8.3 Hz 1H), 4.85-4.69 (m, 2H), 

3.97 (s, 3H), 3.95 (s, 3H), 3.43 (q, J = 7.0 Hz  4H), 1.22 (t, J = 7.4 Hz); 13C{1H} NMR (100

MHz, CDCl3), δ (ppm) 149.7, 147.6, 147.4, 146.4, 136.2, 135.9, 133.3, 130.2, 120.3, 111.6, 

108.1, 103.8, 77.2, 57.6, 56.3, 56.2, 44.3, 12.6. IR (KBr, cm-1), 3488, 2975, 2892, 1732, 1611, 

1514, 1501, 1461, 1456, 1268, 1204, 1096. HRMS (ESI) m/z: [M + H]+ C22H28NO4, 370.2013; 

found, 370.2016. Mp: 160-168 °C .

Photolysis of compound 12a in MeOH. The photolysis of 12a (16 mg, 5.43 mM) was 

conducted in 5 ml MeOH at r.t and using LED lamp at 365 nm for irradiation . The
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photo by products trans-14a (3.2 mg) and cis-14a (4.5 mg) were isolated by silica-gel column 

chromatography (Hex/EtOAc = 3/1 v/v).

tert-butyl 4-(4-((1R,2R)-1-hydroxy-2,5,6-trimethoxy-3-methylene-2,3-dihydro-1H-inden-

2-yl)phenyl)piperazine-1-carboxylate ( trans-14a). 1H NMR (400 MHz, CDCl3), δ(ppm) 7.37 (d, 

J = 8.7 Hz, 2H), 7.00 (s, 1H), 6.99 (s, 1H), 6.94 (d, J = 8.3 Hz 2H), 5.75 (s, 1H), 5.02 (s, 1H), 

4.83 (d, J = 10.1 Hz  1H), 3.94 (s, 3H), 3.91 (s, 3H), 3.58 (t, J = 4.9 Hz 4H), 3.24 (s, 3H), 3.16 (t, 

J = 4.9 Hz 4H), 1.48 (s, 9H); 13C{1H} NMR (100 MHz, CDCl3), δ(ppm) 154.9, 151.4, 150.2, 

146.1, 137.0, 130.5,128.4, 116.2, 111.0, 107.9, 107.0, 103.3, 87.9, 83.2, 80.1, 56.2, 52.1, 49.4, 

43.7, 28.5. IR (KBr, cm-1),. HRMS (ESI) m/z: [M + Na]+ C28H36N2O6Na, 519.2465; found, 

519.2468. Mp: 148-156 °C.

tert-butyl 4-(4-((1R,2S)-1-hydroxy-2,5,6-trimethoxy-3-methylene-2,3-dihydro-1H-inden-

2-yl)phenyl)piperazine-1-carboxylate (cis – 14a). 1H NMR (400 MHz, CDCl3), δ(ppm) 7.39 (d, 

J = 8.7 Hz, 2H), 7.04 (s, 1H), 6.97 (s, 1H), 6.92 (d, J = 8.7 Hz 2H), 5.78 (s, 1H), 5.01 (s, 1H), 

4.92 (s, 1H), 3.95 (s, 3H), 3.90 (s, 3H), 3.57 (t, J = 4.8 Hz 4H), 3.24 (s, 3H), 3.16 (t, J = 4.8 Hz 

4H), 1.48 (s, 9H); 13C{1H} NMR (100 MHz, CDCl3), δ(ppm) 154.8, 151.3, 150.7, 146.8, 136.2, 

132.6, 129.5, 129.3, 115.9, 108.0, 107.8, 107.5 103.3, 92.5, 80.3, 80.1, 56.2, 51.7, 49.1, 43.5, 

28.5. IR (KBr, cm-1), HRMS (ESI) m/z: [M + Na]+ C28H36N2O6Na, 519.2465; found, 519.2471.

Mp: 148-156 °C.
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Chemical yield of benzoic acid

Figure 13. (a) 1H-NMR spectra 5.5-8.0 ppm of 4.0 mg (0.0164 mmol) TPM was added for 

calculated benzoic acid (BA) chemical yield after irradiation compound 12a; (b) 1H-NMR

spectra 5.5-8.0 ppm of 2.0 mg (0.0082 mmol) TPM was added for calculated benzoic acid (BA) 

chemical yield after irradiation compound 12b.
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Quantum yield measurement 

Measurement method and preparation of sample

One photon (1P) photolysis of 12a in DMSO. A solution of compound 12a in DMSO 

(Abs405 = 5, Conc = 2.65x10-4) was prepared in cuvette 1cm. Light irradiation was using Xe-

lamp at 365 nm, and 10 μL of the solution after irradiation at 5s, 10s,15s, 20s, 25s, 30s, 60s, 

120s, 240s and 300s was injected into the HPLC (Column ODS-3, detector at 370 nm, flow rate 

is 1.0 mL/min) and analyzed with mobiles phase ACN/H2O 6/1 v/v.

1P photolysis of 12b in DMSO.  A solution of compound 12b in DMSO (Abs405 = 5, 

Conc = 3.2 x10-4) was prepared in cuvette 1cm. Light irradiation was using Xe-lamp at 365 nm, 

and 10 μL of the solution after irradiation at 5s, 10s,15s, 20s, 25s, 30s, 35s, 70s, 130s, 190swas 

injected into the HPLC (Column ODS-3, detector at 370 nm, flow rate is 1.0 mL/min and 

analyzed with mobiles phase ACN/H2O 3.5/1 v/v.

Chemical Actinometer for Quantum Yield Measurement (Xe lamp 365 nm). First, 291.7 

mg K3[Fe(C2O4)]. H2O was dissolved in 50 ml 0 H2SO4 0.05M (solution 1) and 10.2 mg of 1,10-

phenanthroline monohydrate and 2.25-gram CH3COONa.3H2O were dissolved in 10 ml H2SO4

0.5 M (solution 2). After that, take 3 ml of solution 1 was irradiated at 400 nm for 0, 10, 20, 30s 

in cuvette. And then, 0.5 ml of solution 2 was added each time after irradiated and the mix 

solution measured UV absorption spectra at 510 nm. Change of absorbance with respect to 

irradiation time was used to calculate the light amount and quantum yield of 12a and 12b are 

calculated according to the following formula:

Quantum yield number of reacted molecules (mol)
number of photon (mol/min) x reaction time (min)
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Figure 14. (a) One photon photolysis of 12a and 12b in DMSO less than 10% conversion, 

monitoring by HPLC; (b) Absorbance change with irradiation time at 510 nm. (c) Time profile of 

photoreaction of 12a in DMSO monitored by HPLC; (d) Time profile of photoreaction of 12b in

DMSO monitored by HPLC.
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LFP measurements

The solutions of 12a and 12b in DMSO were prepared (C12a = 5.1 x10-5 M; C12b = 6.3 x10-

5 M). Approx of 3.0 mL of the solution was transferred into a  1.0 cm cuvette. The measurements 

were performed under Air and Ar  (by bubbling for 15 min). The temperature was controlled at 

20oC. (Condition of experiment:  λpump = 355 nm, time scale = 4 ms, laser power= 4.3 mJ, 

number of shots = 2 shots). Make the same in MeOH, the solutions of 12a and 12b in MeOH 

were prepared (C12a = 2.6 x10-5 M; C12b = 3.2 x10-5 M).  (Condition of experiment: λpump = 355 

nm, time scale of 12a = 40 ms, time scale of 12b = 1s, laser power =4.2 mJ, number of shots  = 

2 shots).   

Table 3. Lifetime of 12a and 12b in DMSO at difference wavelength after fitting

Table 4. Lifetime of 12a and 12b in MeOH at difference wavelength after fitting
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Two-photon measurement. 

Figure 15. Measurement system diagram with Ti:sapphire Laser for 2P photolysis experiment 

for compound 12a and 12b in DMSO under Air.

A solution of compound 12a in DMSO (C12a = 5.1x10-5) was prepared. Light irradiation was 

carried out using Ti:sapphire laser (~700 mW at ~25°C), and 10 μL of the solution after 

irradiation at 0 min, 20 min, 40 min, and 60 min was injected into the HPLC (Column ODS-3, 

detector at 370 nm, flow rate is 1.0 mL/min) and analyzed with mobiles phase ACN/H2O 6/1 v/v.

Similar with 12a, solution of compound 12b in DMSO (C12a = 5.1x10-5) was also prepared. 

Light irradiation was carried out using Ti:sapphire laser (~700 mW at ~25°C), and 10 μL of the 

solution after irradiation at 0 min, 10 min, 20 min, 30 min and 40 min was injected into the 

HPLC (Column ODS-3, detector at 370 nm, flow rate is 1.0 mL/min)  and analyzed with 

mobiles phase ACN/H2O 3.5/1 v/v.

For measurement of NPBF-BA. The solution of NPBF-BA in DMSO (CNPBF-BA= 5.12×10-5M)

was prepared and irradiated by using Ti:sapphire laser (~700 mW at ~25°C). And then, 10 μL of 

the solution after irradiation at 720nm at 0 min, 20 min, 40 min, 60 min, 80 min was injected  

HPLC (Column ODS-3, detector at 270 nm, flow rate is 1.0 mL/min)  and analyzed with 

mobiles phase ACN/H2O/TFA 90/10/0.1 v/v/v. 

Ti:sapphire

Laser

Focusing lens

Sample on cuvette 
(1 cm)
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2.4 Supplementary materials

Figure 16. 1H-NMR spectrum of compound 3 (CD3OD, 400 MHz). 

Figure 17. 1H-NMR spectrum of compound 4a (CDCl3, 100 MHz).
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Figure 18. 1H-NMR spectrum of compound 5a (CDCl3, 400 MHz).

Figure 

S19. 1H-NMR spectrum of compound 5b (CDCl3, 400 MHz).
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Figure 20. 1H-NMR spectrum of compound 7 (CDCl3, 400 MHz).
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Figure 21. 1H-NMR spectrum of compound 8a (CDCl3, 400 MHz). 

Figure 22. 13C{1H}-NMR spectrum of compound 8a (CDCl3, 100 MHz). 
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Figure 23. 1H-NMR spectrum of compound 9a (CDCl3, 400 MHz)

Figure 24. 13C{1H}-NMR spectrum of compound 9a (CDCl3, 100 MHz). 
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Figure 25. 1H-NMR spectrum of compound 9b (CDCl3, 400 MHz)

Figure 26. 13C{1H}-NMR spectrum of compound 9b (CDCl3, 100 MHz). 
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Figure 27. 1H-NMR spectrum of compound 10a (CDCl3, 400 MHz)

Figure 28. 13C{1H}-NMR spectrum of compound 10a (CDCl3, 100 MHz). 



52

Figure 29. 1H-NMR spectrum of compound 10b (CDCl3, 400 MHz)

Figure 30. 13C{1H}-NMR spectrum of compound 10b (CDCl3, 100 MHz). 
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Figure 30. 1H-NMR spectrum of compound 11a (CDCl3, 400 MHz)

Figure 31. 13C{1H}-NMR spectrum of compound 11a (CDCl3, 100 MHz). 
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Figure 32. 1H-NMR spectrum of compound 11b (CDCl3, 400 MHz).

Figure 33. 13C{1H}-NMR spectrum of compound 11b (CDCl3, 400 MHz).
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Figure 34. 1H-NMR spectrum of compound 12a (CDCl3, 400 MHz)

Figure 35. 13C{1H}-NMR spectrum of compound 12a (CDCl3, 100 MHz). 
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Figure 37. 1H-NMR spectrum of compound 12b (CDCl3, 400 MHz)

Figure S38. 13C{1H}-NMR spectrum of compound 12b (CDCl3, 100 MHz). 



57

Figure 39. 1H-NMR spectrum of compound 13a (CDCl3, 400 MHz)

Figure 40. 13C{1H}-NMR spectrum of compound 13a (CDCl3, 100 MHz). 



58

Figure 41. 1H-NMR spectrum of compound 13b (CDCl3, 400 MHz)

Figure 42. 13C{1H}-NMR spectrum of compound 13b (CDCl3, 100 MHz). 
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Figure 43. 1H-NMR spectrum of compound trans-14a (CDCl3, 400 MHz)

Figure 44. 13C{1H}-NMR spectrum of compound trans-14a (CDCl3, 100 MHz). 
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Figure 45. 1H-NMR spectrum of compound cis-14a (CDCl3, 400 MHz).

Figure 46. 13C{1H}-NMR spectrum of compound cis-14a (CDCl3, 400 MHz).
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Computational of optimization of compound 12a

# opt freq rb3lyp/6-31g(d)
Symbolic Z-matrix:
Charge = 0 Multiplicity = 1

C -5.18094 -0.56401 -0.5415
C -7.43677 0.94806 -0.01279
C -6.3803 -1.23636 -0.36946
C -5.10788 0.80193 -0.58783
C -6.21147 1.60171 -0.28352
C -7.5273 -0.46716 -0.10196
H -6.42569 -2.30397 -0.42629
H -6.1325 2.66809 -0.25524
O -8.59526 1.70573 0.35349
O -8.78739 -1.11542 0.08609
C -8.53722 3.00559 -0.22976
H -7.65061 3.50622 0.09785
H -9.39507 3.56728 0.07194
H -8.52319 2.91756 -1.29485
C -8.957 -1.46182 1.46455
H -8.1737 -2.12638 1.76774
H -9.90204 -1.94367 1.59382
H -8.9221 -0.57608 2.06211
C -3.67825 1.20153 -0.99775
C -3.77031 -1.14987 -0.66918
C -2.88923 -0.10292 -0.70464
H -3.63722 1.42332 -2.04511
O -3.19358 2.33812 -0.28296
H -3.7436 3.0979 -0.49016
C -1.50191 -0.18254 -0.48605
C 1.2005 -0.30427 0.08569
C -0.71237 0.97494 -0.56725
C -0.90702 -1.41105 -0.16754
C 0.42037 -1.47048 0.11823
C 0.61464 0.91649 -0.28496
H -1.15611 1.9064 -0.84907
H -1.50063 -2.3015 -0.14313
H 0.869 -2.40866 0.37201
H 1.2132 1.80289 -0.34093
N 2.50103 -0.35163 0.4158
C 3.32744 0.87512 0.3909
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H 2.71033 1.72546 0.59664
H 3.80395 1.01468 -0.558
C 3.15071 -1.61822 0.82515
H 3.07146 -1.77408 1.88227
H 2.68974 -2.43815 0.31683
C 4.3595 0.69197 1.4935
H 3.81184 0.45497 2.38143
H 4.93353 1.58127 1.64774
C 4.61431 -1.49261 0.40996
H 4.61545 -1.2418 -0.62881
H 5.1504 -2.40845 0.56136
N 5.28653 -0.41841 1.17769
C 6.41008 0.0208 0.33402
O 7.07429 -0.90546 -0.53247
O 6.79266 1.22153 0.37652
C 8.41308 -0.45493 -0.7515
C 9.15438 -0.3582 0.59714
H 10.15654 -0.01979 0.43321
H 8.64357 0.33475 1.23182
H 9.17724 -1.32081 1.06397
C 8.37611 0.93332 -1.41112
H 9.37445 1.27595 -1.57805
H 7.85891 0.87273 -2.34584
H 7.86678 1.61771 -0.76476
C 9.15021 -1.44612 -1.67575
H 8.63744 -1.50963 -2.61258
H 10.1512 -1.10375 -1.84016
H 9.1752 -2.41231 -1.21716
C -3.45978 -2.65912 -0.71525
H -2.58723 -2.83552 -1.3096
H -4.29461 -3.16976 -1.14637
O -3.2314 -3.14833 0.60932
C -3.10196 -4.57279 0.56469
O -3.29132 -5.2562 1.60404
C -2.74025 -5.26803 -0.76035
C -2.54812 -4.49938 -1.91442
C -2.60989 -6.66363 -0.81661
C -2.243 -5.12346 -3.12884
H -2.63649 -3.43396 -1.868
C -2.30069 -7.28767 -2.03327
H -2.7465 -7.25322 0.06697
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C -2.12193 -6.5177 -3.19077
H -2.10227 -4.53473 -4.01032
H -2.20156 -8.35324 -2.07895
H -1.8932 -6.99415 -4.12115

C 0.446 -0.119 1.752 
C 0.647 0.548 4.467 
C 0.659 -1.128 2.675 
C 0.336 1.208 2.177 
C 0.433 1.557 3.519 
C 0.78 -0.792 4.031 
H 0.743 -2.165 2.368 
H 0.338 2.603 3.786 
O 0.71 0.772 5.819 
O 0.97 -1.872 4.86 
C 0.566 2.111 6.273 
H 1.37 2.748 5.888 
H 0.644 2.103 7.364 
H -0.418 2.514 6.013 
C 2.019 -1.699 5.809 
H 2.818 -1.042 5.446 
H 2.461 -2.682 5.997 
H 1.615 -1.335 6.758 
C 0.094 2.097 0.997 
C 0.304 -0.176 0.292 
C 0.137 1.094 -0.141 
H -0.877 2.597 1.075 
O 1.135 3.052 0.9 
H 1.191 3.312 -0.034 
C 0.348 -1.46 -0.468 
H 0.218 -1.296 -1.543 
H 1.313 -1.954 -0.302 
O -0.717 -2.298 -0.002 
C -0.054 1.531 -1.525 
C -0.388 2.437 -4.203 
C -1.186 2.261 -1.893 
C 0.911 1.26 -2.498 
C 0.741 1.702 -3.817 
C -1.347 2.701 -3.213 
H -1.97 2.478 -1.172 
H 1.815 0.711 -2.243 
H 1.528 1.478 -4.53 
H -2.259 3.232 -3.474 
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N -0.595 2.897 -5.515 
C -0.701 4.365 -5.638 
H -1.389 4.778 -4.892 
H -1.15 4.623 -6.603 
C 0.065 2.158 -6.603 
H 1.115 2.458 -6.703 
H 0.048 1.082 -6.386 
C 0.646 5.064 -5.514 
H 1.118 4.861 -4.547 
H 0.515 6.148 -5.602 
H 1.337 4.748 -6.301 
C -0.653 2.341 -7.933 
H -0.538 3.358 -8.318 
H -1.723 2.13 -7.837 
H -0.236 1.659 -8.682 
C -0.752 -3.521 -0.581 
O 0.011 -3.925 -1.443 
C -1.868 -4.329 -0.018 
C -3.937 -5.931 0.978 
C -2.124 -5.586 -0.583 
C -2.655 -3.881 1.052 
C -3.686 -4.682 1.547 
C -3.157 -6.383 -0.085 
H -1.52 -5.949 -1.412 
H -2.474 -2.913 1.515 
H -4.293 -4.332 2.379 
H -3.352 -7.357 -0.527 
H -4.74 -6.553 1.366 

Computational of optimization of compound 12b

# opt freq rb3lyp/6-31g(d)
Symbolic Z-matrix:
Charge = 0 Multiplicity = 1

C 0.446 -0.119 1.752
C 0.647 0.548 4.467
C 0.659 -1.128 2.675
C 0.336 1.208 2.177
C 0.433 1.557 3.519
C 0.78 -0.792 4.031
H 0.743 -2.165 2.368
H 0.338 2.603 3.786
O 0.71 0.772 5.819
O 0.97 -1.872 4.86
C 0.566 2.111 6.273
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H 1.37 2.748 5.888
H 0.644 2.103 7.364
H -0.418 2.514 6.013
C 2.019 -1.699 5.809
H 2.818 -1.042 5.446
H 2.461 -2.682 5.997
H 1.615 -1.335 6.758
C 0.094 2.097 0.997
C 0.304 -0.176 0.292
C 0.137 1.094 -0.141
H -0.877 2.597 1.075
O 1.135 3.052 0.9
H 1.191 3.312 -0.034
C 0.348 -1.46 -0.468
H 0.218 -1.296 -1.543
H 1.313 -1.954 -0.302
O -0.717 -2.298 -0.002
C -0.054 1.531 -1.525
C -0.388 2.437 -4.203
C -1.186 2.261 -1.893
C 0.911 1.26 -2.498
C 0.741 1.702 -3.817
C -1.347 2.701 -3.213
H -1.97 2.478 -1.172
H 1.815 0.711 -2.243
H 1.528 1.478 -4.53
H -2.259 3.232 -3.474
N -0.595 2.897 -5.515
C -0.701 4.365 -5.638
H -1.389 4.778 -4.892
H -1.15 4.623 -6.603
C 0.065 2.158 -6.603
H 1.115 2.458 -6.703
H 0.048 1.082 -6.386
C 0.646 5.064 -5.514
H 1.118 4.861 -4.547
H 0.515 6.148 -5.602
H 1.337 4.748 -6.301
C -0.653 2.341 -7.933
H -0.538 3.358 -8.318
H -1.723 2.13 -7.837
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H -0.236 1.659 -8.682
C -0.752 -3.521 -0.581
O 0.011 -3.925 -1.443
C -1.868 -4.329 -0.018
C -3.937 -5.931 0.978
C -2.124 -5.586 -0.583
C -2.655 -3.881 1.052
C -3.686 -4.682 1.547
C -3.157 -6.383 -0.085
H -1.52 -5.949 -1.412
H -2.474 -2.913 1.515
H -4.293 -4.332 2.379
H -3.352 -7.357 -0.527
H -4.74 -6.553 1.366

Computational of optimization of  cation form from compound 12a

# opt freq rb3lyp/6-31g(d)
Symbolic Z-matrix:
Charge = 0 Multiplicity = 1

C -2.57148 -0.85403 -0.20006
C -4.95334 0.47652 0.30133
C -3.69384 -1.61934 0.09747
C -2.63873 0.5238 -0.3462
C -3.80531 1.22173 -0.04256
C -4.90564 -0.94195 0.34218
H -3.63783 -2.68717 0.1454
H -3.83319 2.29103 -0.07773
O -6.17549 1.15436 0.60491
O -6.09283 -1.68628 0.6354
C -6.24748 2.36731 -0.14937
H -5.41463 2.99158 0.0986
H -7.15843 2.87857 0.08311
H -6.22321 2.13918 -1.19463
C -6.20568 -1.88422 2.04708
H -5.35547 -2.42879 2.40065
H -7.09666 -2.43771 2.25843
H -6.25029 -0.93451 2.53842
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C -1.29878 1.1058 -0.86873
C -1.12415 -1.3175 -0.38568
C -0.30451 -0.04731 -0.6226
H -1.37501 1.29313 -1.91938
O -0.92331 2.32144 -0.21594
H -1.58968 2.99161 -0.3821
C -0.66152 -2.58933 -0.32661
H 0.38061 -2.78638 -0.46206
H -1.34027 -3.39673 -0.14383
C 1.09298 0.05341 -0.61422
C 3.84237 0.25776 -0.64478
C 1.70042 1.28878 -0.86481
C 1.88232 -1.07814 -0.36151
C 3.23608 -0.97827 -0.37525
C 3.05042 1.38981 -0.88095
H 1.09691 2.153 -1.04563
H 1.41705 -2.01879 -0.15972
H 3.83834 -1.84163 -0.18283
H 3.51303 2.33466 -1.07574
N 5.17517 0.371 -0.68184
C 5.85768 1.58649 -0.94788
H 5.26667 2.31461 -1.4641
H 6.71747 1.36139 -1.54215
C 6.13252 -0.71514 -0.4282
H 5.71299 -1.41145 0.26781
H 6.35619 -1.22131 -1.34449
C 6.30011 2.0513 0.4106
H 5.50335 2.4836 0.97836
H 7.07468 2.77982 0.28947
C 7.46965 -0.08977 0.17407
H 7.72236 0.30973 -0.78547
H 7.70991 -1.08471 0.48485
N 6.7603 0.82507 1.10781
C 7.62454 1.24542 2.22081
O 9.02277 1.43963 1.99507
O 7.13507 1.43607 3.36519
C 9.2116 1.91094 0.65564
C 10.71098 2.14446 0.39628
H 10.84929 2.49705 -0.605
H 11.08256 2.87412 1.08539
H 11.24243 1.22652 0.52792
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C 8.44848 3.23445 0.46632
H 8.58571 3.5858 -0.53547
H 7.40655 3.07431 0.64821
H 8.82296 3.96306 1.15411
C 8.67544 0.86349 -0.33774
H 7.63359 0.70013 -0.15697
H 8.8125 1.21875 -1.33812
H 9.20772 -0.05528 -0.20906

Computational of optimization of  cation form from compound 12b

# opt freq rb3lyp/6-31g(d)
Symbolic Z-matrix:
Charge = 0 Multiplicity = 1

C -1.59658 -1.16929 -0.25936
C -3.46842 -3.22189 0.10413
C -2.93122 -0.95067 -0.61218
C -1.21731 -2.4051 0.28153
C -2.13007 -3.43359 0.46698
C -3.86207 -1.97401 -0.4359
H -3.27857 -0.00436 -1.01203
H -1.80365 -4.38209 0.87796
O -4.46266 -4.15074 0.24366
O -5.18118 -1.72107 -0.736
C -4.12715 -5.40644 0.81084
H -3.38897 -5.9434 0.20034
H -5.05653 -5.97844 0.84048
H -3.73677 -5.29594 1.83116
C -5.69413 -2.40318 -1.88124
H -5.1177 -2.14645 -2.78053
H -6.72376 -2.05784 -2.00292
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H -5.68669 -3.48857 -1.73939
C 0.25352 -2.36714 0.61212
C -0.39975 -0.3141 -0.36674
C 0.68947 -0.99604 0.08343
H 0.37886 -2.37895 1.71162
O 0.9399 -3.47543 0.03867
H 1.89024 -3.29283 0.13041
C -0.42806 1.08016 -0.90675
H 0.51737 1.60153 -0.74381
H -0.63978 1.10357 -1.98315
C 2.10266 -0.61212 0.09877
C 4.89791 0.0946 0.15174
C 2.95429 -1.00566 1.15205
C 2.70881 0.10876 -0.94628
C 4.05524 0.45209 -0.92778
C 4.30106 -0.67113 1.18233
H 2.54621 -1.562 1.99268
H 2.12412 0.36939 -1.82361
H 4.45217 0.97939 -1.78558
H 4.8844 -0.99619 2.03517
N 6.23672 0.48845 0.20819
C 7.17557 -0.29355 1.01569
H 6.75827 -0.42071 2.01834
H 8.0766 0.30581 1.15734
C 6.77296 1.25769 -0.92039
H 6.83245 0.64159 -1.8348
H 6.05721 2.05831 -1.13201
C 7.5454 -1.65886 0.41918
H 6.65673 -2.28475 0.28774
H 8.24306 -2.18904 1.07817
H 8.02617 -1.54589 -0.55932
C 8.13105 1.91304 -0.66676
H 8.95045 1.19033 -0.60069
H 8.11906 2.51261 0.24986
H 8.35651 2.5823 -1.50394
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Summary
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Summary

In this study, we aimed to develop a novel two-photon (2P) responsive photoremovable 

protecting group (PPG) for efficient release of functional groups using visible to near-infrared 

(NIR) light in the biological window. The newly designed PPG, 2-(p-aminophenyl)-5,6-

dimethoxy-1-hydroxyinden-3-ylmethyl, demonstrated a two-photon cross-section of 

approximately 40–50 GM at approximately 700 nm, with an uncaging efficiency of 

approximately 30 GM at approximately 700 nm and a quantum yield exceeding 0.7. Visible to 

NIR-2P responsive caged-compounds 12a and 12b were synthesized, showing high chemical 

yields (92% and 94%) and quantum yields (0.73 and 0.74) for benzoic acid release, respectively. 

Proposed photoreaction mechanisms were elucidated, emphasizing a carbocation B2 as a key 

intermediate. The calculated 2P uncaging efficiencies of 36 and 30 GM for compounds 12a and 

12b suggest their promise for future biological experiments. This study contributes a new 2P 

responsive chromophore, improving understanding of photo uncaging mechanisms and 

advancing the development of tools for biological research, with potential implications for 

therapeutic and diagnostic applications.
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