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1-1. Caged compounds 

Light is a useful tool which can be used not only for generating 

photoluminescence from molecules but also triggering photoreactions such as 

photoinduced electron transfer, photolysis and so on. For biological study, two 

types of techniques with light irradiation have been developed so far. One is 

“imaging” technique using fluorescent probes.1 Another is “concentration jump” 

method, by which the rise of concentration of bioactive compound can be 

controlled in micro to millisecond scale.2 In this method, “caged compound” has 

been used in many physiological experiments. Caged compound is a temporally 

inactivated compound which can be activated by light irradiation to release a 

bioactive substance (Figure 1).3 Photolabile protecting groups (PPGs) are used 

to make photocleavable covalent bonds with active sites of bioactive substances 

such as functional groups (-COOH, -NH2, etc.). Caged compound enables 

spatiotemporal control of the release of bioactive compound only under light 

irradiation. Masking bioactive sites by PPGs is called “caging” process. On the 

other hand, the photoinduced regeneration of bioactive compound is “uncaging” 

process. By utilizing these two processes of caged compound, the “concentration 

jump” method can be a powerful strategy for investigating the unknown 

mechanism of cellular dynamics.  

Since the first PPGs were developed by Barltrop,4 Barton,5,6 Woodward,7 and 

Sheehan,8 several types of PPGs have been introduced in biological study. In 

1977, Engels and Schlaeger9 and Kaplan10 developed a caged adenosine cyclic 

3’,5’-phosphate (cAMP). In 1978, Hoffmann et al. developed a caged adenosine 

5’-triphosphate used to study the Na/K pump of human red blood cell ghosts.10 
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Figure 1. Caging and uncaging process of caged compound. 

 

In the last two decades, there have been several reports on PPGs bearing different 

molecular structures. The uncaging mechanisms can be roughly classified into 

two categories. One is intramolecular rearrangement type such as ortho-

nitrobenzyl (o-NB),7,11 ortho-nitrophenylethyl (o-NPE),12 ortho-nitroindoline (o-

NI),13 para-hydroxyphenacyl (p-HP),14 thiochromone,15 and stilbene,16 (Figure 2). 

The other is photo-SN1 type such as (coumarin-4yl)methyl,17 xanthene,18 

quinoline,19 BODIPY,20 bimane,21 and carbazole (CBZ)22 (Figure 2). For example, 

the former ortho-nitrobenzyl (o-NB) type PPG is known to undergo uncaging 

reaction along with producing nitroso byproduct, which is thermally unstable and 

can be cytotoxic.23 On the other hand, the latter, photo-SN1 type triggers 

heterolytic bond-cleavage reaction to release bioactive substances, which can 

avoid cytotoxic byproducts such as nitroso byproduct (Figure 2). Especially, until 

recent years, various (coumarin-4yl)methyl (CM) type PPGs have been developed 

and applied from biological field to material sciences. These studies have been 

summarized in reviews.2,3,24 In terms of the photophysical property and uncaging 

character, [7-(diethylamino)coumarin-4yl]methyl (DEACM) type is relatively 
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superior to conventional o-NB type.25 In 2011, Heckel et al. reported that uncaging 

efficiency of DEACM derivative was much higher than that of o-NB type.25 In 

addition, DEACM type has absorption wavelength over 400 nm, which allows 

uncaging reaction with less cellular damage compared to the uncaging reaction by 

UV light irradiation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Photolabile protecting groups for uncaging reactions. 

 

For the practicality of PPGs in biological research, there are several important 

criteria for biological studies: (ⅰ) PPGs should be sufficiently soluble in water and 

permeable in cell membrane. (ⅱ) PPGs themselves and their uncaging by-products 

should be non-toxic in cellular tissues. (ⅲ) uncaging reaction should be fast to 
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avoid long time photoirradiation. (ⅳ) their molar extinction coefficients at 

excitation wavelength should be high for efficient uncaging efficiency. (ⅴ) the 

photobleaching of caged compound should not compete with the absorption of 

uncaging byproduct at excitation wavelength.  

 

 

1-2. One-photon (OP) excitation and two-photon (TP) excitation  

The uncaging reactions of bioactive substances have been often carried out by 

OP excitation using ultraviolet or visible light irradiations. However, 

photoirradiation by UV-vis light can cause invasive and undesired damages to 

cellular tissues.26 Moreover, in the OP excitation, the spatial control of uncaging 

area is limited due to the scattering and low light penetration of UV-vis light. To 

overcome these practical issues, two-photon (TP) excitation using near infrared 

light has become important technology in biological study. Compared to UV-vis 

light, near infrared light in optical window (650-1050 nm) is more suitable 

because it can penetrate deeper to cellular tissues.27,28 In the TP excitation process, 

although high laser intensity is required, a molecule can interact with two photons 

simultaneously.29,30 This two-photon absorption (TPA) phenomenon enables an 

electronic excitation to the same excited state reached by OP excitation using UV-

vis light (Figure 3a), even though the molecule does not show near infrared 

absorption in the OPA process. Approximately half a photon energy of OP 

excitation can be used in the TPA process. The advantages of near infrared TP 

excitation for caged compounds in biological study are the highly spatiotemporal 

control of uncaging reaction and less harmful excitation to cellular tissues. In 

contrast to OP excitation, the excitation probability of TP excitation is 

proportional to the square of incident light intensity. Thus, molecules can be 

excited only in the focal point, providing more spatial control of uncaging reaction 

(Figure 3a).31 If chromophore possesses sufficiently high TPA and TP uncaging 

character, photo-induced damages to the cells can be suppressed. 
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Figure 3. (a) OP and TP excitation process, and the related equations about  

(b) TPA cross-section and (c) TP uncaging efficiency 

 

TP-induced uncaging efficiency (δu = σ2 × Φu) of caged compound is calculated 

using TPA cross-section value (σ2 in GM) (1 GM = 10–50 cm4 s photon–1), 

multiplied by the uncaging quantum yield (Φu) (Figure 3c). The unit of GM is in 

honor of Maria Göppert-Mayer, who originally proposed the theory of TPA in 

1931.32 The phenomenon of TPA was experimentally observed in 1961.33 TP 

uncaging techniques has been also developed using several caged compounds.3 

Efficient TP responsive chromophores should be designed for biomedical 

purpose. Some physiologists suggested that 3 GM of δu as an ideal value for 

biological application.34 Therefore, caged compound with high TPA cross-

section and high uncaging quantum yield will be promising.  

 

1-3. Molecular design for TP responsive chromophores 

To design a chromophore with high TPA cross-section, there are several factors 

that can be tuned by structural modification. The main factors are (ⅰ) extension 

of π-conjugation and (ⅱ) transition dipole moment.  

(ⅰ) Extension of π-conjugation: This is the basic strategy to increase TPA cross-

section. For example, benzene, which is the most common chemical structure, 

has almost no TPA cross-section. On the other hand, naphthalene shows a slight 

TPA character (0.9 GM at 530 nm).35 However, trans-stilbene, which has a 

double bond between two benzene rings, shows significant increase of TPA 

cross-section (12 GM at 514 GM) (Figure 4).36 Based on this fact, π-extended 

structure is found to be an important key to design TP-responsive chromophore. 
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Figure 4. Effect of π-conjugation on TPA cross-section. 

 

(ⅱ) Transition dipole moment: According to the theoretical equation of TPA 

cross-section (Figure 3b)37a-b, for noncentrosymmetric molecule, the first term in 

the square bracket can be omitted and the second term is dominant.37a In this case, 

TPA is proportional to the product of squared transition dipole moment and the 

squared difference between excited and ground state dipole moment (two-state 

model). For centrosymmetric molecule, the second term in the square bracket 

vanishes because the dipole difference (Δµgf) is zero due to the centrosymmetry 

(three-state model). Thus, increasing intramolecular charge transfer character by 

introducing strong electron-donor (D) or acceptor (A) substituents is the key 

strategy to increase TPA cross-section of chromophore. Multipolar systems such 

as dipolar, quadrupolar, and octupolar have been introduced so far.  

 

The dipolar system is constructed by non-symmetric D-π-A topology. The 

charge transfer occurs from donor unit to acceptor unit, giving high transition 

dipole moment. TPA process is explained by using two-state model, in which the 

TPA maxima are found in the nearly double the OPA maxima.37c In the non-

symmetric molecules, the 1st electronic transition (S0 → S1) is both OP and TP 

allowed. The D-π-A based stilbene derivative (Figure 5) shows higher TPA cross-

section (100 GM at 830 nm) than that of parent trans-stilbene.38 

 

 

 

 

 

 

 

Figure 5. TPA of dipolar system. 
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The quadrupolar system is constructed by centrosymmetric D-π-D or A-π-A 

topology. The TPA cross-section of D-π-D analogues (Figure 6) is about 10-100 

times higher than that of trans-stilbene.39,40 The electronic excited states are 

described by using three-state model. In the centrosymmetric chromophore, the 

transition from ground state (S0) to the lowest excited state (S1) can be achieved 

by OP excitation. However, the S0 → S1 transition is TP forbidden. On the other 

hand, the S0 → S2 transition is TP allowed. Hence, TPA maxima are shorter 

than the double OPA maxima in quadrupolar system.37c 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. TPA of quadrupolar system. 

 

Octupolar character arises in the trimetric structure (Figure 7). The 

centrosymmetric chromophore built from three branched dipolar unit is drawn 

as D(-π-A)3 or A(-π-D)3. Compared to dipolar system, the D(-π-A)3 analogue in 

Figure 7 shows significantly enhanced TPA cross-section (450 GM at 740 nm).38 

The excited states of octupolar system are divided into the highest excited state 

(S3) and two degenerated states (S1 and S2). The transition from ground state to 

the two degenerated states (S0 → S1 and S0 → S2) are OP allowed whereas 

these transitions are slightly TP allowed.37c Despite the vanishing transition 

dipole moment, the S0 → S3 transition is TP allowed. 
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Figure 7. TPA of octupolar system. 

 

 

 

 

1-4. Near infrared TP uncaging of neurotransmitter using (coumarin-

4yl)methyl type PPG in biological study 

 Since Denk et al. developed two-photon microscopy in 1990,41 many 

chromophores have been used for caged neurotransmitters.42 Especially, caged 

glutamate is one of the most developed caged compounds in biology. Glutamate 

is the major neurotransmitter in our brain tissues, and the first report of caged 

glutamate appeared in 1993.43 However, conventional PPGs showed only 

effectiveness under UV-vis light but showed few TP sensitivity on their uncaging 

reactions. In 1999, Tsien and co-workers developed a (6-bromo-7-

hydroxycoumarin-4yl)methyl (Bhc) type PPG to investigate glutamate 

sensitivities over the surface of neuron (Figure 8).44 Bhc-Glu is the first caged 

glutamate that allowed near infrared TP photolysis under physiological condition. 

TP uncaging efficiency of Bhc-Glu was calculated to be ~ 1.0 GM at 740 nm, 

which was acceptable for their experimental condition. Their work implicated a 

lot of potential of (coumarin-4yl)methyl PPGs for highly TP responsive 

uncaging reaction.  
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Figure 8. TP uncaging of caged glutamate with coumarin structure. 

 

1-5. Purpose of this research study 

 So far, either 3-position or 7-postion of coumarin has been frequently modified 

by introducing electron-donor or electron-acceptor group.3 This flexibility for 

structural modification allows us to design TP responsive chromophores based 

on trans-stilbene backbone. As we described above, multipolar unit can be a key 

factor to increase TPA character. In this research, we design and synthesize π-

extended coumarin based caged compound with dipolar and quadrupolar 

character.  
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Caged Compounds with D-π-A Coumarin Unit 
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2-1. Introduction 

 In this section, near infrared TP responsive D-π-A chromophores were designed 

and synthesized. D-π-A stilbene unit was introduced into the (coumarin-

4yl)methyl PPG to investigate both OP and TP uncaging properties. Theoretical 

assessments were conducted for TPA character of the dipolar type coumarin 

chromophores.  

 

2-2. Design and synthesis of D-π-A type coumarin chromophores 

 First, three coumarin parent chromophores (3a-c) were designed and 

synthesized as shown in Scheme 1. p-Nitrobenzene unit was introduced on 3-

position as an electron-acceptor part. 7-Position or 7,6-position was substituted 

by methoxy group as an electron-donor part. The D-π-A chromophores were 

prepared by one-step Perkin condensation reaction45 using 2’-hydroxy 

acetophenone derivatives (1a-1c) and 4-nitrophenylacetic acid 2. The compound 

3a without methoxy group was prepared to compare its OPA and TPA characters 

with methoxy-substituted D-π-A chromophores (3b-3c).  

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Synthesis of 3a-c; Reagents and conditions: (a) Acetic anhydride, 

triethylamine, 65℃ to RT, overnight, 56% yield. (b) Acetic anhydride, 

triethylamine, 65℃ to RT, overnight, 51% yield. (c) Acetic anhydride, 

triethylamine, 50℃ to RT, overnight, 47% yield. 
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2-3. OP photophysical property 

 Steady-state OPA spectra of 3a-c were recorded in DMSO (Figure 9). 

Compound 3a shows λmax at 321 nm, while 3b and 3c show red-shifted 

absorption maxima (λmax = 338 nm for 3b, and 361 nm for 3c). TDDFT 

calculation was performed to assign the OP electronic transitions in gas phase. 

The molecular structures of 3a-3c were simplified by replacing their 4-methyl 

group with hydrogen (as shown in the structure of 4a-c). Single point energy 

calculation provided vertical excitation energy and the corresponding oscillator 

strength (f). The computed OPA spectra of compound 4a-c with oscillator 

strengths are shown in Figure 10. Similar trends with experimental spectra were 

found on the calculated absorption wavelength for 4a-c, where 4c show the 

lowest excitation energy (3.21 eV = 386 nm) and 4b show the second lowest 

excitation energy (3.31 eV = 375 nm). Compound 4a without methoxy group 

shows the highest excitation energy (3.53 eV = 351 nm). The 1st electronic 

transition (S0 → S1) of 4a-c was assigned to be HOMO (Highest Occupied 

Molecular Orbital) to LUMO (Lowest Unoccupied Molecular Orbital) transition 

(Figure 10). The molecular orbitals (MOs) of 4b and 4c indicate the reasonable 

transfer of electron density from donor to acceptor part. 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. UV-visible absorption spectra of chromophores 3a-c in DMSO. 

 

 

 

 



31 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 
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Figure 10. Calculated oscillator strengths (f) and MOs of  

(a) 4a, (b) 4b, and (c) 4c, computed at the TD-RB3LYP/6-31G(d)//RB3LYP/6-

31G(d) level of theory. 

 

 

2-4. Theoretical prediction of TPA cross-section 

The predicted OPA and TPA spectra of 4a-c were shown in Figure 11. The 

spectra were computed at the TD-B3LYP/6-31G (d)//B3LYP/6-31 (d) level of 

theory. Two-state model was used to calculate TPA cross-section. As expected, 

TPA maxima of 4a-4c exist in 740-780 nm, which are almost double wavelengths 

of OPA maxima (370-390 nm). This phenomenon is peculiar in the dipolar 

system. TPA cross-section of ca. 50 GM was calculated for 4a. TPA cross-

sections of methoxy-substituted compound 4b and 4c (σ2 = 170 GM and 179 GM 

for 4b and 4c, respectively) were approximately three times higher than that of 

4a. These computational results suggested that TP excitation of D-π-A 

chromophores (4b, 4c) in near IR region is feasible. From the next section, we 

thus focused on the OP and TP uncaging character of caged compound bearing 

D-π-A coumarin structure. 
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Figure 11. Calculated OPA and TPA spectra of (a) 4a, (b) 4b, and (c) 4c, 

computed at the TD-B3LYP/6-31G(d)//B3LYP/6-31G(d) level of theory. 

 

 

 

 

 

2-5.  Synthesis of D-π-A caged benzoate 

For uncaging reaction, benzoic acid was selected as a simple model instead of 

bioactive compound. The carboxylic acid moiety of benzoic acid was protected 

by coumarin PPGs. Starting from parent chromophores (3b,c), two caged 

benzoic acids (7b,c) were synthesized by following the synthetic routes in 

Scheme 2. 

 

(c) 



35 

 

 

Scheme 2. Synthesis of 7b and 7c; Reagents and conditions: (d) NBS, benzoyl 

peroxide, CCl4, 90℃, 15h, 40%. (e) Benzoic acid, K2CO3, KI, DMF, 50℃, 6h, 

20%. (f) NBS, benzoyl peroxide, CCl4, 90℃, 24h, 59%. (e) Benzoic acid, K2CO3, 

KI, DMF, 50℃, 3h, 42%. 

 

 

 

2-6.  OP uncaging reaction of D-π-A caged benzoate in DMSO 

 

OP uncaging reactions of caged benzoates 7b and 7c were conducted using 

Xenon lamp (500 W) at 360 ± 10 nm in DMSO-d6. Based on the 1H NMR 

spectrum analysis (400 MHz), the peaks of benzoic acid increased under 

photolysis condition (Figures 12,13). Quantitative release of benzoic acid (> 

90%) was observed both for 7b and 7c. The photoreaction quantum yield (Φu) in 

DMSO was determined using ferrioxalate as a photochemical actinometer. 

Quantum yield of 7b (Φu = 0.09) was approximately three times higher than that 

of 7c (Φu = 0.03). Lower Φu of 7c may be attributed to the strong stabilization of 

excited state by charge transfer character from dipolar D-π-A unit. 
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Figure 12. 1H NMR spectra of 7b in DMSO-d6 (a) before and after (b) 8, (c) 16, 

(d) 24h of irradiation at 360 nm; (e) 1H NMR spectra of benzoic acid in DMSO-

d6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. 1H NMR spectra of 7c in DMSO-d6 (a) before and after (b) 42, (c) 

72, (d) 96h of irradiation at 360 nm; (e) 1H NMR spectra of benzoic acid in 

DMSO-d6. 
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2-7.  TP uncaging reaction of D-π-A caged benzoate in DMSO 

 

TP photolysis experiments of 7b and 7c were carried out using a Ti: sapphire 

(pulse width 100 fs, 80 MHz) at an average power of 700 mW at 298 K in DMSO 

at the wavelengths of 700, 710, 720, 730, 740, 750, and 760 nm (Figure 11a, b). 

The degradation of starting material 7b and 7c was monitored by HPLC analysis. 

The rate constants of TP photolysis of 7b and 7c were extrapolated by comparing 

with the previous values of NPBF-BA chromophore (k740 = 9.4 × 10–6 s–1) as a 

reference.46 The reported TP uncaging efficiency of NPBF-BA (δu = 5.0 GM at 

740 nm) allows us to extrapolate TP uncaging efficiency of compound 7b and 

7c.47 TPA cross-section values of 7b and 7c were determined by following the 

theoretical equation of δu = σ2 × Φu. The action spectra of TPA cross-section of 

7b and 7c are shown in Figure 12. Compound 7c has lower TP uncaging 

efficiency of δu = 2.1 GM at 740 nm than 7b (δu = 3.4 GM at 710 nm) due to the 

lower photoreaction quantum yield, albeit 7c shows higher TPA cross-section (σ2 

= 69 GM at 740 nm for 7c, whereas σ2 = 38 GM at 710 nm for 7b). The dipolar 

character becomes stronger when methoxy groups are introduced on 7- and 6-

position, which enhances TPA cross-section but reduces TP uncaging efficiency. 
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Figure 11. Time profile of the TP uncaging of (a) 7b and (b) 7c, ln([sub]/ [sub]0) 

vs. irradiation time at wavelengths of 700, 710, 720, 730, 740, 750, and 760 nm 

at 700 mW. (c) TP uncaging reaction of NPBF-BA at 740 nm, δu = 5.0 GM at 

740 nm. 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Extrapolated experimental TPA spectra of 7b (blue) and 7c (red). 
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2-9. Experimental Section 

All reagents and solvent were purchased from commercial source and used 

without any further purification. Silica Gel 60N (spherical, neutral) 63-210 μm 

was purchased from Kanto Chemical CO., Inc. to use silica gel column 

chromatography. Thin layer chromatography (TLC) analysis was performed on 

silica gel plates and monitored under ultraviolet light. 1H NMR and 13C NMR 

spectra were recorded on a Bruker ASCENDTM 400 (1H, 400 MHz, 13C, 100 

MHz). DMSO-d6 and CDCl3 (0.03% TMS) was used as deuterated solvents. 

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). IR spectra were recorded on a PerkinElmer 

Spectrum One FT-IR spectrometer. UV-vis spectra were taken by a SHIMADZU 

UV-3600 Plus. Mass-spectrometric data were measured by Mass Spectrometric 

Thermo Fisher Scientific LTQ Orbitrap XL, whose measurements were 

supported by National Science Center for Basic Research and Development, 

Hiroshima Univ. The light source for uncaging reaction of coumarin derivatives 

was BPS-500B Xe-lamp.  
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The syntheses of parent chromophore (3a-3c) and caged benzoate (7b, 7c) are 

described as follows. 

 

4-Methyl-3-(4-nitrophenyl)coumarin (3a) 

 

 

 

 

 

To a mixture of o-hydroxyacetophenone 1a (1.0 g, 7.3 mmol) and 4-

nitrophenylacetic acid 2 (1.4 g, 7.9 mmol) in acetic anhydride (10 mL) was added 

trimethylamine (8 ml). The reaction mixture was then stirred overnight at 65 ℃, 

allowed to cool to r.t. and 10 mL of ether was added with stirring for another 2-

3 h to afford the desire product as a precipitate that was collected using vacuum 

filtration (1.2 g, 56%). 1H NMR (400MHz, CDCl3):δ8.34 (d, J = 8.9 Hz, 2H), 

7.73 (dd, J = 8.0 Hz, 1H), 7.61 (t, J = 8.0 Hz, 1H), 7.53 (d, J = 8.9 Hz, 2H), 7.42 

(d, J = 8.0Hz, 1H), 7.38 (t, J = 8.0Hz, 1H), 2.36 (s, 3H). 

 

7-Methoxy-4-methyl-3-(4-nitrophenyl)coumarin (3b) 

 

 

 

 

 

 

To a mixture of 2’-hydroxy-4’-methoxy acetophenone 1b (500 mg, 3.0 mmol) 

and 4-nitrophenylacetic acid 2 (589 mg, 3.3 mmol) in acetic anhydride (2 mL) 

was added trimethylamine (1 mL). The reaction mixture was then stirred 

overnight at 65 ℃, allowed to cool to r.t. and 10 mL of ether was added with 

stirring for another 2-3 h to afford the desire product as a precipitate that was 

collected using vacuum filtration (475 mg, 51%). 1H NMR (400MHz, CDCl3) δ 

8.34 (d, J = 8.8 Hz, 2H), 7.63 (d, J = 8.8 Hz, 1H), 7.53 (d, J = 8.8 Hz, 2H), 6.95 

(d, J =8.8 Hz, , 2H), 6.91 (s, 1H), 3.94 (s, 3H), 2.33 (s, 3H). 
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6,7-Dimethoxy-4-methyl-3-(4-nitrophenyl)coumarin (3c) 

 

 

 

 

 

To a mixture of 2’-hydroxy-4’,5’-dimethoxy acetophenone 1c (1.0 g, 5.1 mmol) 

and 4-nitrophenylacetic acid 2 (996 mg, 5.5 mmol) in acetic anhydride (3 mL) 

was added trimethylamine (1 mL). The reaction mixture was then stirred 

overnight at 50 ℃, allowed to cool to r.t. and 10 mL of ether was added with 

stirring for another 2-3 h to afford the desire product as a precipitate that was 

collected using vacuum filtration (823 mg, 47%). 1H NMR (400MHz, CDCl3) δ 

8.33 (d, J = 8.8 Hz,2H), 7.52 (d, J = 8.8 Hz, 2H), 7.03 (s, 1H), 6.91 (s, 1H), 3.99 

(s, 3H), 3.97 (s, 3H), 2.33 (s, 3H).  13C NMR (100 MHz, CDCl3) δ 160.60, 

153.26, 148.84, 148.66, 147.53, 146.55, 141.77, 131.58, 123.59, 122.56, 112.57, 

105.92, 100.01, 56.57, 56.46, 16.91.; HRMS (ESI) calcd. for C18H15NO6 

[M+Na]+ ; 364.0792 found 364.0793, Mp 255-257℃, IR [cm-1] (KBr) vmax 1701, 

1513, 1342, 1273. 

 

7-Methoxy-4-bromomethyl-3-(4-nitrophenyl)coumarin (5) 

 

 

 

 

 

 

To a suspension of 7-methoxy-4-methyl-3-(4-nitrophenyl)coumarin 3b (100 mg, 

0.32 mmol) and NBS (62.9 mg, 0.35 mmol) in CCl4 (2 mL), a catalytic amount 

of benzoyl peroxide (11 mg) was added. The reaction mixture was refluxed for 

15h in test tube. The solvent was removed under reduced pressure. The 

precipitate was stirred with 10 mL of warm water to remove the succinimide, 

filtered and recrystallized from CHCl3 (50 mg, 40%). 1H NMR (400MHz, 

CDCl3) δ 8.37 (d, J = 8.8 Hz, 2H), 7.72 (d, J = 8.8 Hz, 1H), 7.67 (d, J = 8.8Hz, 
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2H) 6.99 (d, J = 8.8Hz , 1H), 6.91 (s, 1H), 4.3 (s, 2H), 3.93 (s, 3H). 13C NMR 

(100 MHz, CDCl3) δ 163.39, 160.29, 155.32, 148.05, 146.35, 139.96, 130.90, 

126.44, 123.82, 122.96, 113.17, 110.68, 101.18, 55.95, 24.53.; HRMS (ESI) 

calcd. for C17H12BrNO5 [M+Na]+ ; 411.9791 found 411.9793, Mp 235-238℃, 

IR [cm-1] (KBr) vmax 1719, 1597, 1515, 1346, 1267. 

 

 

6,7-Dimethoxy-4-bromomethyl-3-(4-nitrophenyl)coumarin (6)  

 

 

 

 

 

To a suspension of 6,7-dimethoxy-4-methyl-3-(4-nitrophenyl)coumarin 3c (398 

mg, 1.16 mmol) and NBS (374 mg, 2.10 mmol) in CCl4 (4mL), a catalytic 

amount of benzoyl peroxide (60 mg) was added. The reaction mixture was 

refluxed at 90℃ for 24h in test tube. The solvent was removed under reduced 

pressure. The precipitate was stirred with 10 ml of warm water to remove the 

succinimide, filtered and purified by silica chromatography (CH2Cl2 : EtOAc = 

4:1,v/v) and GPC (287 mg, 59%). 1H NMR (400MHz, CDCl3) δ 8.37 (d, J = 8.8 

Hz, 2H), 7.68 (d, J = 8.8 Hz, 2H), 7.14 (s, 1H), 6.92 (s, 1H), 4.32 (s, 2H), 4.00 

(s, 3H), 4.00(s, 3H).13C NMR (100 MHz, CDCl3) δ 160.37, 153.72, 149.61, 

148.05, 146.71, 146.02, 140.11, 130.91, 123.81, 123.27, 109.82, 105.89, 100.26, 

56.59, 56.53, 24.97.; HRMS (ESI) calcd. for C18H14O6NBr [M+H]+ ; 420.0077 

found 420.0080, Mp 248-250℃, IR [cm-1] (KBr) vmax 1712, 1510, 1342, 1276. 
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7-Methoxy-4-[(benzoyloxy)methyl]-3-(4-nitrophenyl)coumarin (7b) 

 

 

 

 

 

 

 

7-Methoxy-4-bromomethyl-3-(4-nitrophenyl)coumarin 5 (129 mg, 0.33 mmol) 

was dissolved in dry DMF (5 mL). To the solution were added potassium iodide 

(109 mg, 0.66 mmol), potassium carbonate (91 mg, 0.66 mmol) and benzoic acid 

(40 mg, 0.33 mmol). The reaction mixture was stirred at 50 ℃ for 6h. After 

completion of the reaction, solvent was removed under vacuum. To the crude 

residue was added ethyl acetate, followed by washing with brine water. The 

organic layer was collected, dried over Na2SO4, and evaporated under vacuum 

to yield crude, which was purified by column chromatography (CH2Cl2 : EtOAc 

＝ 5:1, v/v) and GPC (28 mg, 20%). 1H NMR (400 MHz, CDCl3) δ 8.33 (d, J = 

8.8 Hz, 2H), 7.98 (dd, J = 8.8 Hz, 2H), 7.73 (dd, J = 8.8 Hz, 1H), 7.62 (td, J =3.1 

Hz, 1H), 7.61 (d, J = 8.8 Hz, 2H), 7.46 (t, 4.0 Hz, 2H), 6.97 (m, , 1H), 6.94(s, 

1H), 5.31(s, 2H), 3.94(s, 3H).13C NMR (100 MHz, CDCl3) δ 165.57, 163.27, 

160.46, 155.22, 147.92, 144.80, 140.01, 133.77, 131.47, 129.76, 128.83, 128.66, 

126.69, 124.82, 123.67, 113.36, 111.83, 101.07, 60.44, 55.94.;HRMS (ESI) 

calcd. for C24H17NO7 [M+H]+ ; 432.1078 found 432.1078, Mp 138-140℃, IR 

[cm-1] (KBr) vmax 1716, 1606, 1517, 1346, 1264. 
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6,7-Dimethoxy-4-[(benzoyloxy)methyl]-3-(4-nitrophenyl)coumarin (7c) 

 

 

 

 

 

 

 

6,7-Dimethoxy-4-bromomethyl-3-(4-nitrophenyl)coumarin 6 (50 mg, 0.12 

mmol) was dissolved in dry DMF (2 mL). To the solution were added potassium 

iodide (40 mg, 0.24 mmol), potassium carbonate (33 mg, 0.24 mmol) and 

benzoic acid (15 mg, 0.12 mmol). The reaction mixture was stirred at 50 ℃ for 

3h. After completion of the reaction, solvent was removed under vacuum. To the 

crude residue was added ethyl acetate, followed by washing with brine water. 

The organic layer was collected, dried over Na2SO4, and evaporated under 

vacuum to yield crude, which was purified by column chromatography (CH2Cl2 : 

EtOAc ＝ 5:1, v/v) and GPC (23 mg, 42%). 1H NMR (400 MHz, CDCl3) δ 8.33 

(d, J = 8.8 Hz, 2H), 7.99 (d, J = 7.2 Hz, 2H), 7.63 (d, J = 8.8 Hz, 2H), 7.62 (t, J 

= 3.7 Hz, 1H), 7.46 (t, J = 4.0 Hz, 2H) 7.21 (s, 1H), 6.94 (s, 1H), 5.35 (s, 2H), 

3.99 (s, 3H) 3.86 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 165.62, 160.57, 153.46, 

149.51, 147.93, 146.78, 144.69, 140.13, 140.09, 133.89, 131.51, 129.71, 128.73, 

125.13, 123.68, 110.82, 105.84, 100.10, 60.42, 56.52, 56.39. HRMS (ESI) calcd. 

for C23H15NO7 [M+H]+ ; 462.1183 found 462.1184, Mp 162-164℃, IR [cm-1] 

(KBr) vmax 1719,1516, 1347, 1276. 
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2-10. Supplementary Material 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure S1. UV-visible absorption spectrum of compound 7b in DMSO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2. UV-visible absorption spectrum of compound 7c in DMSO. 
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Figure S3. 1H NMR of compound 3a (400 MHz, CDCl3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4. 1H NMR of compound 3b (400 MHz, CDCl3). 
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Figure S5. 1H NMR of compound 3c (400 MHz, CDCl3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S6. 13C NMR of compound 3c (100 MHz, CDCl3). 
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Figure S7. 1H NMR of compound 5 (400 MHz, CDCl3). 

 

Figure S8. 13C NMR of compound 5 (100 MHz, CDCl3). 
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Figure S9. 1H NMR of compound 6 (400 MHz, CDCl3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S10. 13C NMR of compound 6 (100 MHz, CDCl3). 
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Figure S11. 1H NMR of compound 7b (400 MHz, CDCl3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S12. 13C NMR of compound 7b (100 MHz, CDCl3). 
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Figure S13. 1H NMR of compound 7c (400 MHz, CDCl3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S14. 13C NMR of compound 7c (100 MHz, CDCl3). 
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Chemical actinometer for quantum yield measurement:   

The rate of photoreaction of caged benzoate 7b amd 7c can be quantified by 

quantum yield (ϕ). 

 

            
 

In this study, ferrioxalate was used as a chemical actinometer to measure photon 

fluxes. During the light irradiation, the potassium ferrioxalate gives three ion 

products as shown in the following equations. 

 

 

  

 

The number of ferrous ions that were released by photoreaction is measured by 

the reaction of ferric ion with phenanthroline to afford the colored tris-

phenanthroline compound which has peculiar absorption at 510 nm (ε = 11100 M- 

1 cm- 1).  

Caged benzoate 7b and 7c have absorption maxima around 360 nm. Therefore, 

we measured the light quantities at 360 nm using a xenon lamp with a 

monochromator as a light source. The equation is shown as below, 

 

 

           

 

      

V1: the irradiated volume (mL) 

V2: the aliquot of the irradiated solution taken for the determination of the 

ferrous ions (mL) 

V3: the final volume (mL) 

∆A: the optical difference in absorbance between the irradiated solution and that 

taken in the dark 

l: optical pathlength of the irradiation cell 
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ε (510 nm): ε of the complex Fe(phen)3
2+ 

Φ𝜆: the quantum yield of ferrous ion production at the irradiation wavelength 

t: the irradiation time 

F: mean function of light absorbed by the ferrioxalate solution 

 

Procedure for measurement:  

1) 117.7 mg of K3[Fe(C2O4)3] ·3H2O was dissolved in 20 mL of 0.05 M H2SO4. 

(0.012 M Ferrioxalate was prepared)- solution A 

2) 10.2 mg of 1,10-phenanthroline monohydrate and 2.25 gm of 

CH3COONa·3H2O were dissolved in 10 mL of 0.5 M H2SO4- solution B 

3) To a 3 mL solution A irradiated at 360 nm for 0, 10, 20 and 30 seconds, 0.5 

mL of solution B was added. The absorption spectrum of each solution was 

measured to monitor the change in absorbance at 510 nm. The determined ΔA 

was used to calculate the light quantity. 

 

The number of photons from Xe-lamp at 360 nm was determined to be I360 = 

5.52 × 10-9 mol/s = 3.31 × 10-7 mol/min was used. (This value was obtained in 

previous work in our laboratory) 

 

Procedure for Measurement: 

Solution of 7b, 7c (7b: 0.27 mM, 7c: 0.32 mM in DMSO) was taken in a cell. 

Light irradiation was performed using a xenon lamp at 360 nm under ambient 

atmosphere and the reaction solution after irradiation was injected into HPLC 

and analyzed. Based on the integral value of peak area before and after light 

irradiation, the reaction rate was calculated using the following equation.  

Reaction rate (%) = (integral value before light irradiation - integral value after 

light irradiation) ÷ integral value before light irradiation × 100. 

The photoreaction quantum yield was calculated using the following equation, 

Quantum yield Φ = number of molecules reacted by light irradiation (mol) ÷ 

amount of light absorbed by the compound (mol). 

 

[HPLC condition] 

Solvent : CH3CN/water =90/10 

 Intersil ODS-3 5μm 4.6 × 250 mm 
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flow : 1.0 mL/min, press : 4.2 MPa, detect : 330 nm, range : 0.16 

 

Computational details 

We used density functional theory (DFT) and time-dependent (TD) DFT 

approaches, as implemented in the Gaussian 03 and 09 packages [1,2], to model 

all chromophores of interest. Calculations have been performed in vacuum and 

were limited to properties related to the ground state geometry: geometry 

optimization, one and two-photon absorption related to the electronically excited 

states (ES). Optical spectra were obtained employing the density matrix 

formalism for non-linear optical responses as proposed by S. Tretiak and V. 

Chernyak [3,4].  

Figure 11 shows one-photon absorption (OPA) and two-photon absorption (TPA) 

spectra obtained at the TD-B3LYP/6-31G(d)//B3LYP/6-31G(d) level of theory 

in conventional quantum chemical notation “single point//optimization level”, 

including up to 20 singlet ES. This level of theory has been shown to provide 

good predictions for structure-TPA relationships [4-7]. The damping factor 

introduced to simulate the finite linewidth in the resonant spectra has been fixed 

to =0.10 eV [4]. The ES structure was further checked for all chromophores at 

the TD-B97XD/6-31G(d)//B3LYP/6-31G(d) level, especially to check for 

possible spurious charge transfer states.  

At the B3LYP/6-31G(d) level, all chromophores show a dihedral angle of about 

35° between the phenyl ring and the coumarin core. All chromophores lead to 

sizable TPA cross sections in the vicinity of twice the wavelength of the first 

OPA band (Figure 11), which is related to their dipolar nature. Thus, the two-

level approximation, which is a standard approach for push-pull chromophores, 

can be further used to rationalize structure-properties relationships and to gauge 

quantitatively the various sources of errors on the computed values. Within the 

two-level model, the TPA cross section σ2  of a dipolar chromophore at the 

maximum (ħ = ħ/2) reads: 
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σ2 = 2.0757 × 10-3 μ0i
2 (μii-μ00)2

Γ
(GM)     

   (1) 

where 0 and i label the ground and excited state of interest, respectively, and 

units of the input parameters are eV for  (vide supra) and Debye for dipole 

moments (j). Noteworthy, this expression highlights that 2 is inversely 

proportional to the average linewidth broadening parameter  which has been 

fixed arbitrarily 0.1 eV in our computations. Calculated state and transition 

dipole moments as well as the values of 2 deduced from the two-state model 

are reported in Table S1.  

When using dipole moment matrix elements calculated at the same level of 

theory, namely TD-B3LYP, the two-state approximation (Table S1) leads to 

almost quantitative agreement with the calculated TPA maximum obtained 

(Figure 11). However, the absolute amplitude should be taken with care (i.e. as 

a qualitative result) as stressed in our previous works [6-7]. In fact, considering 

the B97XD exchange-correlation functional to compute dipole moments and 

transition energies, one notices a dramatic decrease of the excited state dipole 

moment as compared to B3LYP values (Table S1). This leads to a dramatic 

decrease of the TPA cross section at the maximum. However, the two to three-

fold increase occurring upon substitution, when going from the model 

nitrocoumarine to the substituted ones, remains indicative of correct qualitative 

trend. Noteworthy, solvent effects not taken into account here should lead to 

sizeable increase of 2 [4,6,7].  
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Table S1. Calculated state and transition dipole moments using the 6-31G(d) 

basis set and for geometries optimized at the B3LYP/6-31G(d) level of theory. 

The TPA cross section at the maximum is derived within the two-state model (Eq. 

(1)). 

 

TD-DFT 

functional 

i 

ii (D) 00 (D) 01 (D) 

2 (GM) 

x y z x y z x y z 

4a 

B3LYP 1 16,9 -2,5 0,5 7,1 -3,4 0,8 -6,2 0,3 -0,1 78 

B97XD 2 9,9 -3,0 0,6 7,1 -3,6 0,7 -6,8 0,7 0,2 8 

4b 

B3LYP 1 -21,5 -1,5 -1,3 -8,7 -2,1 -1,3 7,0 0,3 0,3 170 

B97XD 1 -12,1 -1,9 -1,3 -8,4 -2,2 -1,3 -7,4 -0,7 -0,5 16 

4c 

B3LYP 1 -1,5 20,8 -10,6 -1,3 8,9 -3,2 -0,1 5,8 -3,2 179 

B97XD 1 -1,4 12,6 -5,6 -1,4 8,7 -3,0 0,1 6,8 -3,3 26 

 

Table S2. Calculated transition energies using the 6-31G(d) basis set and for 

geometries optimized at the B3LYP/6-31G(d) level of theory.  
 

TD-DFT functional i 

0i 

(eV)           

OPA 

(nm)           

exp
OPA 

(nm) 

TPA 

(nm) 

2 

(GM) 

(eV) 

 

4a 

B3LYP 1 3,528 351 321# 703 78 

0,513 

B97XD 2 4,041 307  614 8 

4b 

B3LYP 1 3,307 375 338# 750 170 

0,560 

 

B97XD 1 3,867 321  641 16  

4c 

B3LYP 1 3,212 386 361# 772 179 

0,596 

 

B97XD 1 3,808 326  651 26  

# experiment in DMSO for the Methyl substituted compounds 

 

Besides, Table S2 also reveals the great sensitivity of transition energies to the 
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TD-DFT functional used. However, the trends remains the same, for instance : 

red shift when going from 4a to 4b then to 4c. 

In summary theoretical prediction are as follows: there is a sizeable red shift 

along the above mentionned series; TPA undergoes a two to threefold 

enhancement as compared to the “model chromophore” 4a, and the position of 

the first experimental TPA maximum is predicted to show up at twice the OPA 

absorption band maximum.  
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Chapter 3 

 

 

Design, Synthesis and Photoreactions of  

Caged Compounds with D-π-D coumarin unit 
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3-1.  Introduction 

 Dipolar derivative (D-π-A type) 7b and 7c as we introduced in Chapter 2 

showed an enhanced TPA cross-section, however the uncaging efficiency 

became lower as the charge transfer character became stronger. In this section, 

we also designed quadrupolar system (D-π-D type) to overcome this issue of 

impairing photoreactivity by strong charge transfer character. The photophysical 

and photochemical properties of D-π-D coumarin chromophore was investigated. 

 

3-2.  Design and synthesis of D-π-D coumarin chromophore with strong 

electron donor group 

 Amino group was used as an electron-donor part for its strong donating ability 

from nitrogen. Trans-stilbene structure with amino group is also expected to give 

high TPA character on chromophores, according to previous research.48 The 

target D-π-D chromophore 11 was synthesized by two-steps reaction (Scheme 

3). First, the commercially available 7-diethylamino-4-methylcoumarin 8 was 

brominated by N-bromosuccinimide (NBS) to get the coupling precursor 9.49 

The subsequent Suzuki-Miyaura coupling reaction with N,N’-

dimethylaminophenyl boronic acid pinacol ester 10 produced D-π-D 

chromophore 11.  

 

 

Scheme 3. Synthesis of 11; Reagents and conditions: (a) NBS, MeCN, RT, 1h, 

37%. (b) compound 10, PdCl2(PPh3)2, Na2CO3, DMF:H2O (2:1, v/v), 90℃, 9h, 

54%.  

 

 

3-3.  OP photophysical property 

 Steady-state OPA spectrum of 11 was recorded in DMSO. Compound 11 shows 

λmax at 386 nm (ε = 28861 M-1cm-1) (Figure 13). TDDFT calculation was 

performed to assign the OP electronic transitions of 11 and the D-π-A analogue 

in gas phase. For calculation, the molecular structures of 11 and D-π-A analogue 
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were simplified by replacing their 7-diethylamino group with 7-dimethylamino 

group and replacing their 4-methyl group with hydrogen (as shown in the 

structure of 12a,b). The computed OPA spectra of compound 12a and 12b with 

oscillator strengths are shown in Figure 14. For both compound 12a and 12b, a 

relatively large oscillator strength was found in the 1st electronic transition (S0 

→ S1) (f = 0.6943 at 402 nm for 12a, f = 0.6461 at 417 nm for 12b), which was 

assigned to the HOMO to LUMO transition. 2nd electronic transition (S0 → S2) 

was found at 323 nm (f = 0.1909) and 336 nm (f = 0.2496) for 12a and 12b, 

respectively. The 2nd electronic transition was assigned to the HOMO-1 to 

LUMO transition. In the 1st electronic transition (S0 → S1), the molecular orbital 

(MO) of 12b (Figure 14b, HOMO to LUMO) indicates charge transfer character 

from electron-donor to acceptor part. On the other hand, MO of 12a in the 1st 

electronic transition (S0 → S1) (Figure 14a, HOMO to LUMO) shows 

concentrated MO coefficient on the coumarin core in the LUMO. 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. UV-visible absorption spectrum of 11 in DMSO. 
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Figure 14. Calculated oscillator strengths and MOs of (a) 12a (D-π-D) and 

(b) 12b (D-π-A), computed at the TD-RB3LYP/6-31G(d)//RB3LYP/6-31G(d) 

level of theory. 

 

 

 

 

 

 

(a) 

(b) 
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3-4.  Theoretical prediction of TPA cross-section 

The predicted OPA and TPA spectra of 12a and 12b were shown in Figure 15. 

All the spectra were computed at the TD-B3LYP/6-31G (d)//B3LYP/6-31 (d) level 

of theory. Three-state model was used to calculate TPA cross-section. D-π-A 

analogue 12b showed TPA cross-section of σ2 = 309 GM at 834 nm, which is 

almost double wavelength of OPA maximum (~ 400 nm) (Figure 15b). On the 

other hand, D-π-D derivative 12a showed maximum TPA cross-section (ca. 700 

GM) near 650 nm, which is blue-shifted from the double wavelength of OPA 

maximum of 12a (Figure 15a). The predicted TPA spectrum of 12a indicates that 

1st electronic transition (S0 → S1) is TP forbidden but 2nd electronic transition (S0 

→ S2) is TP allowed (Figure 15a). Similar phenomenon was observed from 

quadrupolar 4,4′-bis(di-n-butylamino)-E-stilbene as reported in the literature.50 

Our computational result suggests that quadrupolar D-π-D chromophore is more 

TP responsive (2.5-fold increase in TPA cross-section). Such increase can be 

attributed to the large transition dipole moment in the 2nd electronic transition (S0 

→ S2) (Table S3). Thus, we selected D-π-D chromophore for next molecular 

design of TP responsive caged compound. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 
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Figure 15. Calculated OPA and TPA spectra of (a) 12a (D-π-D) and 

(b) 12b (D-π-A), computed at the TD-B3LYP/6-31G(d)//B3LYP/6-31G(d) 

level of theory. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) 
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3-5.  Synthesis of D-π-D caged benzoate 

Synthetic route of D-π-D caged benzoate 19 is shown in Scheme 4. First, 7-

diethylamino-4-methylcoumarin 8 was oxidized by SeO2 to get aldehyde 13. 4-

hydoxymethyl derivative 14 was afforded by reduction of 13 using NaBH4. The 

hydroxyl group was protected by tert-butyldimethylsilyl chloride (TBSCl) to give 

15. NBS was used for bromination of 15, then coupling precursor 16 was 

obtained.49 Suzuki-Miyaura coupling reaction of 16 with N,N’-

dimethylaminophenyl boronic acid pinacol ester 10 produced D-π-D derivative 

17. Silyl group was deprotected by TBAF to give 4-hydroxymethyl coumarin 18. 

D-π-D caged benzoate 19 was obtained by condensation reaction of 18 with 

benzoic acid using N,N’-dicyclohexylcarbodiimide (DCC) and 4-

dimethylaminopyridine (DMAP).  

 

 

Scheme 4. Synthesis of 19; Reagents and conditions: (c) SeO2, xylene, 134℃, 

24h, 41%. (d) NaBH4, EtOH, RT, 4h, 49%. (e) TBSCl, DMAP, dry DCM, RT, 

3h, 90%. (f) NBS, NH4OAc, MeCN, RT, 1h, 66%. (g) Compound 10, 

PdCl2(PPh3)2, Na2CO3, DMF:H2O (2:1, v/v), 90℃, 9h, 92%. (h) TBAF, THF, 

0℃→RT, 30 min, 40%. (i) Benzoic acid, DCC, DMAP, DCM, RT, 12h, 86%.  
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3-6.  OP uncaging reaction of D-π-D caged benzoate in DMSO 

OP uncaging reaction of caged benzoate 19 was conducted using a Xenon lamp 

(500 W) at 400 ± 10 nm in DMSO-d6. According to the 1H NMR spectrum 

analysis (400 MHz), the peaks of benzoic acid and the photolysate increased 

under photoirradiation (Figure 16). Quantitative release of benzoic acid was 

observed (> 90%). The photolysis of 19 afforded 4-carboxylaldehyde product in 

70% isolated yield. The clean formation of aldehyde 20 was confirmed by UV-

vis spectroscopic analysis in DMSO (Figure 17). Concomitant with the depletion 

of absorption band of 19 with λmax = 407 nm (ε407 = 28493 M-1cm-1), the 

absorption band of aldehyde 20 increased with λmax = 482 nm (ε482 = 23178 M-

1cm-1) (Figure 17). Photoreaction quantum yield (Φu) of 19 in DMSO was 

determined using ferrioxalate as a photochemical actinometer. The quantum 

yield of 19 (Φr = 0.16) was higher than that of previous D-π-A derivatives 7b 

and 7c.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. 1H NMR spectra of 19 in DMSO-d6 (a) before and after (b) 1h, (c) 2h 

of irradiation at 400 nm; (d) 1H NMR spectra of benzoic acid in DMSO-d6. 
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Figure 17. UV-visible spectroscopic analysis of OP uncaging reaction of 19 at 

400 ± 10 nm irradiation in DMSO. 

 

 

It is assumed that uncaging reaction was facilitated by charge transfer on the 

coumarin core. This hypothesis was supported by computational analysis of MO 

coefficients. The D-π-D chromophore 12a showed a larger MO coefficient on 

the carbon atom at 4-position in the LUMO (CLUMO
2 = 0.237) in comparison to 

the D-π-A analogues (CLUMO
2 = 0.127 for 4b, CLUMO

2 = 0.126 for 4c) (Figure 18). 

Therefore, it seems that efficient charge transfer to the carbon at 4-position 

induced higher uncaging quantum yield. Similar principles have been discussed 

for other photo-SN1 type chromophores in previous literature.51 
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Figure 18. MO coefficients of D-π-D chromophore 12a and D-π-A analogues 

4b and 4c in the LUMO. 
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3-7.  Uncaging reaction mechanism of D-π-D caged benzoate 

To get more insight into uncaging reaction mechanism of 19, the solvent effect 

on OP uncaging reaction of 19, irradiated at 400 nm using a Xenon lamp, was 

investigated using methanol, anhydrous DMSO, DMSO with 5% Tris buffer, and 

DMSO with 5% distilled water. The photoreaction was monitored by HPLC 

analysis. The rate of reaction that consumed starting material 19 was determined 

by decreasing of integrated value of peak area. Previously, the uncaging reaction 

rate of (coumarin-4yl)methyl type PPG was reported to be faster in the presence 

of water in solvent.52 The photoreaction of 19 in methanol was interestingly 

slower than that in anhydrous DMSO or wet DMSO by a factor of 1.6 (Figure 

19). On the other hand, the reaction in DMSO with 5% distilled water was 

slightly faster than that in anhydrous DMSO by a factor of 1.2 (Figure 19). 

Seemingly, the stronger solvent polarity induced faster photoreaction of 19, 

according to dielectric constant of solvents.53 In the presence of water in 

anhydrous DMSO, 4-hydroxymethyl product 18 was formed (40% isolated 

yield) in place of aldehyde 20. This result indicated the existence of carbocation 

intermediate 21 generated by heterolytic C-O bond cleavage (Scheme 5). This 

intermediate 21 was trapped by DMSO or water to give corresponding product 

(18 or 20). From this mechanism, it is also assumed that the higher photoreaction 

quantum yield of D-π-D caged benzoate 19 (Φu = 0.16) than D-π-A analogues 

(7b and 7c in Chapter 2) may be attributed to the strong stabilization of 

carbocation intermediate by two electron-donor parts.54 The shortened 

fluorescence lifetime of 19 (2.3 ns in DMSO) in comparison with 11 (3.1 ns in 

DMSO) (Figures S32 and S34) supports the release of benzoic acid from S1 

excited state of 19. 
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Figure 19. Time profile of the OP uncaging reaction of 19; ln[19]/[19]0 vs 

irradiation time (min) at a wavelength of 400 nm using a Xe lamp in various 

solvents. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 5. Mechanism for the Uncaging Reaction of 19 in Anhydrous DMSO 

and Wet DMSO. 
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3-8.  Measurement of TPA cross-section by TPEF method 

TPA cross-section of parent chromophore 11 was determined by two-

photon excited fluorescence (TPEF) method. The TPA cross-section in 2nd 

electronic transition (< 680 nm) was found to be larger than that in 1st electronic 

transition (~ 760 nm), where σ2 = 5.6 GM at 760 nm and 18 GM at 680 nm 

(Figure 20). This is well consistent with our computational result and typical 

quadrupolar character. 

 

 

 

 

 

 

 

 

 

 

Figure 20. TPA spectrum, 680-880 nm, of compound 11 (1.0×10-4 M) in toluene. 

 

3-9.  TP uncaging reaction of D-π-D caged benzoate in DMSO 

     TP photolysis of 19 was performed using a Ti: sapphire (pulse width 100fs, 

80MHz) at an average power of 700 mW at 298 K in DMSO at the wavelength 

of 750 nm (Figure 21). The depletion of 19 was observed by TP photolysis at 

750 nm. The rate constants of TP photolysis of 19 at 750 nm was extrapolated to 

be k750 = 1.9×10-6 s-1 by comparing with the previous NPBF-BA chromophore55 

(k740 = 9.4×10-6 s-1) as a reference.56 Using the reported TP uncaging efficiency 

of NPBF-BA (δu = 5.0 GM at 740 nm), TPA cross-section of 19 was extrapolated 

to be 7.0 GM at 750 nm. Although we could not experimentally measure TPA 

cross-section of 19 below 680 nm, due to the limitation of laser setup, the 

maximum TPA cross-section was estimated from experimental value σ2 = 5.6 

GM at 760 nm of parent chromophore 11 by using simple proportionality method 

(see supplementary material). As a result, the maximum TPA cross-section of 19 

was extrapolated to be ~ 100 GM at 650 nm. Therefore, the TP uncaging 

efficiency (δu) was estimated to be ~ 16 GM at 650 nm. Further π-extension on 



72 

 

the quadrupolar chromophore 19 will give higher TPA cross-section and more 

bathochromic shift for TPA wavelength.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. Time profile of the TP uncaging of 19, ln([sub]/ [sub]0) vs. irradiation 

time at wavelengths of 750 nm at 700 mW. 
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3-11.  Experimental Section 

 

7-(Diethylamino)-4-methyl-3-bromocoumarin (9) 

 

 

 

 

 

The solution of 7-(diethylamino)-4-methylcoumarin 8 (1.01 g, 4.4 mmol) and 

NBS (848 mg, 4.8 mmol) in MeCN (20 mL) was stirred at room temperature for 

1h. After addition of water, the mixture was extracted with EtOAc, dried over 

MgSO4, filtered, and evaporated to obtain crude material. The crude was 

purified by column chromatography (hexane : EtOAc = 4:1, v/v) (497 mg, 

37 %). 1H NMR (400 MHz, CDCl3): δ (ppm) 7.45 (d, J = 9.1 Hz, 1H), 6.63 (dd, 

J = 9.1 Hz, 1H), 6.52 (d, J = 2.5 Hz, 1H), 3.44 (q, J = 7.1 Hz, 4H), 1.23 (t, J = 

7.1 Hz, 6H). 

 

 

7-(Diethylamino)-4-methyl-3-(4-dimethylaminophenyl) coumarin (11) 

To a solution of 7-(diethylamino)-4-methyl-3-bromocoumarin 9 (50 mg, 0.16 

mmol) and N,N’-dimethylaminophenyl boronic acid pinacol ester 10 (40 mg, 0.16 

mmol) in DMF-H2O (2:1, v/v) 6 mL, sodium carbonate (34 mg, 0.32 mmol) and 

PdCl2(PPh3)2 (3 mg, 0.0032 mmol) were added and the reaction was heated at 

90℃ for 9 hours under N2. The reaction was then cooled to room temperature, 

poured into water and extracted in CH2Cl2. The organic layer was dried over 

MgSO4, filtered and concentrated to obtain the crude product. The crude material 

was purified by column chromatography (hexane : EtOAc = 2:1, v/v) (30 mg, 

54%). 1H NMR (400 MHz, CDCl3): δ (ppm) 7.46 (d, J = 9.1 Hz, 1H), 7.20 (d, J = 

8.7Hz, 2H), 6.81 (d, J = 8.7 Hz, 2H), 6.63(dd, J = 9.1 Hz, 1H), 6.56(d, J = 2.6 Hz, 
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1H), 3.44 (q, J = 7.1 Hz, 4H), 3.01 (s, 6H), 2.29 (s, 3H) 1.24 (t, J = 7.1 Hz, 6H). 
13C NMR (100 MHz, CDCl3): δ (ppm) 162.52, 154.89, 149.89, 149.88, 147.44, 

131.27, 125.95, 123.06, 121.38, 112.17, 109.95, 108.48, 97.57, 44.73, 40.54, 

16.38, 12.50. HRMS (ESI) calcd. for C22H26N2O2 [M+H]+ ; 351.2067 found 

351.2072, Mp:152-156℃, IR(cm-1) (KBr) 1069, 1143, 1191, 1273, 1355, 1414, 

1528, 1587, 1619, 1706, 2896, 2972. 

 

7-(Diethylamino)-4-(hydroxymethyl) coumarin (14) 

 

 

 

 

 

Selenium dioxide (414 mg, 3.7 mmol) was added to a solution of 7-

(diethylamino)-4-methylcoumarin 8 (570 mg, 2.5 mmol) in xylene (70 mL). The 

solution was refluxed for 24h. After cooled to room temperature, filtered through 

celite and evaporated. Ethanol (100 mL) and sodium borohydride (46 mg, 1.2 

mmol) were added and the mixture was stirred for 4h. The solution was 

neutralized with 1M HCl and extracted three times with CH2Cl2, dried over 

MgSO4 and evaporated. The brown residue was purified by column 

chromatography (CH2Cl2 : EtOAc = 4:1, v/v) to afford 14 (300 mg, 49%) 1H NMR 

(400 MHz, CDCl3): δ (ppm) 7.33 (d, J = 8.8 Hz, 1H), 6.58 (dd, J = 8.8 Hz, 1H), 

6.52 (d, J = 2.6 Hz, 1H), 6.28 (s), 4.85(s, 2H) 3.42 (q, J = 7.1 Hz, 4H), 2.21(s, 1H), 

1.23 (t, J = 7.1 Hz, 6H) 

 

7-(Diethylamino)-4-[[[(1,1-dimethylethyl)dimethylsilyl]oxy]methyl]

coumarin (15) 

 

 

 

 

 

To a solution of 7-(diethylamino)-4-(hydroxymethyl) coumarin 14 (382 mg, 1.5 

mmol) in dry DCM (30 mL), TBSCl (283 mg, 1.88 mmol) and DMAP (55 mg, 
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0.45 mmol) were added before treated with trimethylamine. The solution was 

stirred at room temperature for 3h and then quenched by satured NH4Claq, 

extracted with DCM. The combined organics were dried over MgSO4, evaporated 

to afford crude material. The crude was purified by column chromatography 

(hexane : EtOAc = 4:1, v/v) to give 15 (505 mg, 90%). 1H NMR (400 MHz, 

CDCl3): δ (ppm) 7.27 (d, J = 8.8 Hz, 1H), 6.57 (dd, J = 8.8 Hz, 1H), 6.54 (d, J = 

2.6 Hz, 1H), 6.31 (s, 1H), 4.84(s, 2H) 3.43 (q, J = 7.1 Hz, 4H), 1.22 (t, J = 7.1 Hz, 

6H), 0.98 (s, 9H), 0.16 (s, 6H). 

 

 

7-(Diethylamino)-4-[[[(1,1-dimethylethyl)dimethylsilyl]oxy]methyl]-3-

bromo coumarin (16) 

 

 

 

 

To a solution of 7-(diethylamino)-4-[[[(1,1-dimethylethyl)dimethylsilyl]oxy]

methyl]coumarin 15 (195 mg, 0.54 mmol) and NBS (105 mg, 0.59 mmol) in 

MeCN (4 mL) was added NH4OAc (5 mg, 0.054 mmol), stirred at room 

temperature for 1h. After addition of water, the mixture was extracted with EtOAc, 

dried over MgSO4, filtered and evaporated to obtain crude material. The crude 

was The crude material was purified by column chromatography (hexane : EtOAc 

= 2:1, v/v) (157 mg, 66%). 1H NMR (400 MHz, CDCl3): δ (ppm) 7.78 (d, J = 9.2 

Hz, 1H), 6.64 (dd, J = 9.2 Hz, 1H), 6.50 (d, J = 2.6 Hz, 1H), 5.02 (s, 2H), 3.44 (q, 

J=7.1Hz, 4H), 1.23 (t, J = 7.1 Hz, 6H), 0.92 (s, 9H), 0.16 (s, 6H). 

 

 

 

 

 

 

 

 

 



77 

 

7-(Diethylamino)-4-[[[(1,1-dimethylethyl)dimethylsilyl]oxy]methyl]-3-(4-

dimethylaminophenyl)coumarin (17) 

 

 

 

 

 

 

To a solution of 7-(diethylamino)-4-[[[(1,1-

dimethylethyl)dimethylsilyl]oxy]methyl]-3-bromocoumarin 16 (206 mg, 0.47 

mmol) and N,N’-dimethylaminophenyl boronic acid pinacol ester 10 (116 mg, 

0.47 mmol) in DMF-H2O (2:1, v/v) 6 mL, sodium carbonate (99 mg, 0.94 mmol) 

and PdCl2(PPh3)2 (7 mg, 0.0094 mmol) were added and the reaction was heated 

at 90℃ for 9 hours under N2. The reaction was then cooled to room temperature, 

poured into water and extracted in CH2Cl2. The organic layer was dried over 

MgSO4, filtered and concentrated to obtain the crude product. The crude material 

was purified by column chromatography (hexane : EtOAc = 2:1, v/v) (206 mg, 

92%). 1H NMR (400 MHz, CDCl3): δ (ppm) 7.70 (d, J = 9.1 Hz, 1H), 7.26 (d, J = 

8.7Hz, 2H), 6.78 (d, J = 8.7Hz, 2H), 6.63(dd, J = 9.1 Hz, 1H), 6.55(d, J = 2.6 Hz , 

1H), 4.66 (s, 2H), 3.44 (q, J = 7.1 Hz, 4H), 3.01 (s, 6H), 1.24 (t, J = 7.1 Hz, 6H), 

0.90 (s, 9H), 0.04 (s, 6H). 13C NMR (100 MHz, CDCl3): δ (ppm) 162.93, 155.46, 

150.24, 149.77, 147.26, 131.37, 127.27, 122.05, 121.74, 112.03, 108.86, 108.51, 

97.48, 60.29, 44.68, 40.54, 25.82, 18.23, 12.52, -5.35 HRMS (ESI) calcd. for 

C28H40N2O3Si [M+H]+ ; 481.2879 found 481.2881, Mp:70-75℃, IR(cm-1) (KBr) 

754, 779, 836, 939, 1057, 1145, 1193, 1276, 1359, 1408, 1525, 1590, 1618, 1715, 

2856, 2927. 
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7-(Diethylamino)-4-(hydroxymethyl)-3-(4-dimethylaminophenyl)coumarin 

(18) 

 

 

 

 

 

 

 

To a solution of 7-(diethylamino)-4-[[[(1,1-

dimethylethyl)dimethylsilyl]oxy]methyl]-3-(4-dimethylaminophenyl)coumarin 

17 (130 mg, 0.026 mmol) in THF (15 mL) was added tetrabutylammonium 

fluoride (1M in THF) (0.54 ml, 0.54 mmol). The reaction was stirred for 30 

minutes, quenched with sat. NH4Cl and extracted with EtOAc. The combined 

organics were dried over MgSO4, filtered and concentrated to obtain the crude 

product. The crude material was then purified by column chromatography 

(hexane : EtOAc = 2:1, v/v) (40 mg, 40%). 1H NMR (400 MHz, acetone-d6): δ 

(ppm) 7.84 (d, J = 9.1 Hz, 1H), 7.25 (d, J = 8.9 Hz, 2H), 6.78 (d, J = 8.9 Hz, 2H), 

6.75(dd, J = 9.0 Hz, 1H), 6.52(d, J = 2.6 Hz , 1H), 4.63 (d, J = 5.3 Hz, 2H), 4.36 

(t, J = 5.2 Hz, 1H) 3.53 (q, J = 7.0Hz, 4H), 2.99 (s, 6H) 1.24 (t, J = 7.0 Hz, 6H).13C 

NMR (100 MHz, DMSO-d6): δ (ppm) 162.04, 155.38, 150.21, 150.05, 148.63, 

131.67, 128.22, 122.17, 120.90, 111.94, 109.17, 108.37, 96.93, 58.35, 40.53, 

12.84. HRMS (ESI) calcd. for C22H26N2O3 [M+H]+ ; 367.2016 found 367.2019, 

Mp:232-235℃, IR(cm-1) (KBr) 804, 819, 1069, 1141, 1274, 1363, 1410, 1528, 

1588, 1617, 1685, 2931, 3422. 
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7-(Diethylamino)-4-[(benzoyloxy)methyl]-3-(4-dimethylaminophenyl) 

coumarin (19) 

 

 

 

 

 

 

 

To a solution of 7-(diethylamino)-4-(hydroxymethyl)-3-(4-

dimethylaminophenyl)coumarin 18 (30 mg, 0.082 mmol) and benzoic acid (10 

mg, 0.082 mg) in dry DCM (4 ml) was added DMAP (1 mg, 0.0082 mmol) and 

stirred for 10 min. DCC (17 mg, 0.082 mmol) was added and the mixture was 

stirred at room temperature for 12 hours in the dark. The reaction was then poured 

into water and extracted in CH2Cl2. The organic layer was dried over MgSO4, 

filtered and concentrated to obtain the crude product. The crude material was 

purified by column chromatography (hexane : EtOAc = 2:1, v/v) (33 mg, 86%). 
1H NMR (400 MHz, CDCl3): δ (ppm) 8.06 (dd, J = 7.4 Hz, 2H), 7.60 (td, J = 7.4 

Hz, 1H), 7.48 (d, J = 8.9 Hz, 2H), 7.46 (t, J = 7.4 Hz, 2H), 7.29 (d, J = 8.9 Hz, 

2H), 6.60 (dd, J = 8.9 Hz, 1H) 6.59 (s, 1H), 5.35 (s, 2H), 3.43 (q, J=7.1Hz, 4H) 

2.99 (s, 6H) 1.23 (t, J=7.1Hz, 6H). 13C NMR (100 MHz, CDCl3): δ (ppm) 166.02, 

162.43, 155.37, 150.01, 142.46, 133.26, 131.22, 129.82, 128.55, 128.48, 126.10, 

124.39, 121.22, 112.08, 108.94, 108.31, 97.67, 61.37, 44.74, 40.39, 12.49. HRMS 

(ESI) calcd. for C29H30N2O4 [M+H]+ ; 471.2277 found 471.2278, Mp:192-195℃, 

IR(cm-1) (KBr) 713, 821, 1029, 1069, 1110, 1144, 1193, 1271, 1355, 1416, 1528, 

1591, 1619, 1720, 2906, 2979. 
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7-(Diethylamino)-4-carboxaldehyde-3-(4-dimethylaminophenyl)coumarin 

(20) 

 

 

 

 

 

 

The solution of 7-(diethylamino) -4-[(benzoyloxy)methyl]-3-(4-

dimethylaminophenyl)coumarin 19 (11 mg, 0.023 mmol) in DMSO (3 ml) was 

irradiated for 1 hour with vigorous stirring. The reaction was then poured into 

water and extracted in CH2Cl2. The organic layer was dried over MgSO4, filtered 

and concentrated to obtain the crude product. The crude material was purified by 

column chromatography (hexane : EtOAc = 2:1, v/v) and GPC (6 mg, 70%). 
1H NMR (400 MHz, acetone-d6): δ (ppm) 9.71 (s, 1H), 8.10 (d, J = 9.1 Hz, 1H), 

7.31 (d, J = 8.9 Hz, 2H), 6.83 (d, J = 8.9 Hz, 2H), 6.77 (dd, J = 9.0 Hz, 1H), 6.58 

(d, J = 2.6 Hz , 1H), 3.54 (q, J = 7.0 Hz, 4H), 3.06 (s, 6H) 1.24 (t, J = 7.0Hz, 6H). 
13C NMR (100 MHz, acetone-d6): δ (ppm) 192.86, 161.62, 155.69, 151.30, 150.17, 

138.96, 132.78, 127.15, 126.94, 118.95, 111.22, 109.21, 104.71, 97.13, 44.27, 

39.35, 11.89. HRMS (ESI) calcd. for C22H24N2O3 [M+H]+ ; 365.1859 found 

365.1859, Mp:160-163℃, IR(cm-1) (KBr) 802, 816, 1058, 1142, 1191, 1274, 1358, 

1413, 1528, 1615, 1685, 1718, 2851, 2922, 2966. 
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3-12. Supplementary Material 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S15. UV-visible absorption spectrum of compound 19 in DMSO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S16. UV-visible absorption spectrum of compound 20 in DMSO. 
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Figure S17. 1H NMR of compound 9 (400 MHz, CDCl3). 
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Figure S18. 1H NMR of compound 11 (400 MHz, CDCl3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S19. 13C NMR of compound 11 (100 MHz, CDCl3). 
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Figure S20. 1H NMR of compound 14 (400 MHz, CDCl3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S21. 1H NMR of compound 15 (400 MHz, CDCl3). 
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Figure S22. 1H NMR of compound 16 (400 MHz, CDCl3). 
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Figure S23. 1H NMR of compound 17 (400 MHz, CDCl3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S24. 13C NMR of compound 17 (100 MHz, CDCl3). 
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Figure S25. 1H NMR of compound 18 (400 MHz, acetone-d6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S26. 13C NMR of compound 18 (100 MHz, DMSO-d6). 
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Figure S27. 1H NMR of compound 19 (400 MHz, CDCl3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S28. 13C NMR of compound 19 (100 MHz, CDCl3). 

 

 



89 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S29. 1H NMR of compound 20 (400 MHz, acetone-d6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S30. 13C NMR of compound 20 (100 MHz, acetone-d6). 
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Figure S31. Fluorescence spectrum of compound 11 in DMSO (λexc = 373 nm). 
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Figure S32. Fluorescence decay of compound 11 in DMSO (λexc = 390 nm, λmon 

= 540 nm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S33. Fluorescence spectrum of compound 19 in DMSO (λexc = 400 nm). 
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Figure S34. Fluorescence decay of compound 19 in DMSO (λexc = 390 nm, λmon 

= 550 nm). 
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Chemical actinometer for quantum yield measurement:   

The rate of photoreaction of caged benzoate 19 can be quantified by quantum 

yield (ϕ). 

 

            
 

In this study, ferrioxalate was used as a chemical actinometer to measure photon 

fluxes. During the light irradiation, the potassium ferrioxalate gives three ion 

products as shown in the following equations. 

 

 

  

 

The number of ferrous ions that were released by photoreaction is measured by 

the reaction of ferric ion with phenanthroline to afford the colored tris-

phenanthroline compound which has peculiar absorption at 510 nm (ε = 11100 M- 

1 cm- 1).  

Caged benzoate 19 has absorption maxima around 400 nm. Therefore, we 

measured the light quantities at 400 nm using a xenon lamp with a monochromator 

as a light source. The equation is shown as below, 

 

 

           

 

      

V1: the irradiated volume (mL) 

V2: the aliquot of the irradiated solution taken for the determination of the 

ferrous ions (mL) 

V3: the final volume (mL) 

∆A: the optical difference in absorbance between the irradiated solution and that 

taken in the dark 

l: optical pathlength of the irradiation cell 
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ε (510 nm): ε of the complex Fe(phen)3
2+ 

Φ𝜆: the quantum yield of ferrous ion production at the irradiation wavelength 

t: the irradiation time 

F: mean function of light absorbed by the ferrioxalate solution 

 

Procedure for measurement:  

1) 117.7 mg of K3[Fe(C2O4)3] ·3H2O was dissolved in 20 mL of 0.05 M H2SO4. 

(0.012 M Ferrioxalate was prepared)- solution A 

2) 10.2 mg of 1,10-phenanthroline monohydrate and 2.25 gm of 

CH3COONa·3H2O were dissolved in 10 mL of 0.5 M H2SO4- solution B 

3) To a 3 mL solution A irradiated at 360 nm for 0, 10, 20 and 30 seconds, 0.5 

mL of solution B was added. The absorption spectrum of each solution was 

measured to monitor the change in absorbance at 510 nm. The determined ΔA 

was used to calculate the light quantity. 

 

The number of photons from Xe-lamp at 400 nm was determined to be I400 = 

8.702×10-7 mol/min. (This value was obtained in previous work in our 

laboratory) 

 

Procedure for Measurement: 

Solution of 19 (0.48 mM in DMSO) was taken in a cell. Light irradiation was 

performed using a xenon lamp at 400 nm under ambient atmosphere and the 

reaction solution after irradiation was injected into HPLC and analyzed. Based 

on the integral value of peak area before and after light irradiation, the reaction 

rate was calculated using the following equation.  

Reaction rate (%) = (integral value before light irradiation - integral value after 

light irradiation) ÷ integral value before light irradiation × 100. 

The photoreaction quantum yield was calculated using the following equation, 

Quantum yield Φ = number of molecules reacted by light irradiation (mol) ÷ 

amount of light absorbed by the compound (mol). 

 

(HPLC condition) 

Solvent : CH3CN 

 Intersil ODS-3 5μm 4.6×250 mm 
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flow : 1.3 mL/min, press : 4.2 MPa, detect : 300 nm, range : 0.16 

 

Computational details and additional results 

We used density functional theory (DFT) and time-dependent (TD) DFT 

approaches, as implemented in the Gaussian 03 and 09 packages [1,2], to model 

the two chromophores of interest (Figure S35). Calculations have been 

performed in vacuum and were limited to properties related to the ground state 

geometry: geometry optimization, one and two-photon absorption related to the 

electronically excited states (ES). Optical spectra were obtained employing the 

density matrix formalism for non-linear optical responses as proposed by S. 

Tretiak and V. Chernyak [3,4]. One-photon absorption (OPA) and two-photon 

absorption (TPA) spectra were computed at the TD-B3LYP/6-31G(d)//B3LYP/6-

31G(d) level of theory in conventional quantum chemical notation “single 

point//optimization level”, including up to 20 singlet ES. This level of theory has 

been shown to provide good predictions for structure-TPA relationships [4-7]. 

The damping factor introduced to simulate the finite linewidth in the resonant 

spectra has been fixed to =0.10 eV [4], except for a few points needed to 

extrapolate the experimental data at higher wavelengths (Table S4). 

  

Figure S35. Optimized geometries of the compounds investigated in this work. 

(left) D--D coumarin derivative 12a and (right) coumarin having a D--A 

character 12b.  

 

The ES structure was further checked for all chromophores at the TD-

B97XD/6-31G(d)//B3LYP/6-31G(d) level, especially to check for possible 

spurious charge transfer states. In order to gauge the accuracy of our TD-B3LYP 

computed optical spectra, we have computed transition energies, state and 
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transition dipole moments at the TD-B3LYP and TD-B97XD levels of theory. 

First estimates of the TPA cross sections for push-pull chromophores may be 

obtained by using the two-level approximation, which is a standard approach. 

Within the two-level model, the TPA cross section σ2 of a dipolar chromophore 

at the maximum (ħ = ħ/2) reads : 

σ2 = 2.0757 × 10-3 μ0i
2 (μii-μ00)2

Γ
(GM)    

 (1) 

where 0 and i label the ground and excited state of interest, respectively, and 

units of the input parameters are eV for  (vide supra) and Debye for dipole 

moments (j). For quadrupolar chromophores (push-push or pull-pull), one has 

to move to a three-state model considering an additional excited state (label j) 

and σ2 at the maximum (ħ = ħj/2) reads : 

  σ2 =
2.0757×10−3

4

μ0i
2 μ0j

2

(𝜔0𝑖−
𝜔0𝑗

2⁄ )
2

Γ
(GM)        (2) 

Noteworthy, these expressions highlight that 2 is inversely proportional to the 

average linewidth broadening parameter   which has been fixed arbitrarily 0.1 

eV in our computations, except for a few points (Table S4).  

For both chromophores of interest, the excited structure computed at the TD-

B3LYP and TD-B97XD levels of theory agree, demonstrating the absence of 

low-lying spurious charge transfer states. 

Computed TPA spectra are compared to the OPA spectra in Figure 15a and Figure 

15b. Figure 15a reveals the quadrupolar nature (D--D) of the 7-dimethylamino-

substituted coumarin (Figure S35, left), with low TPA responses for the first 

excited state for which the OPA response shows a clear maximum and a much 

larger TPA cross section related to the second excited state. This second band lies 

~0.75 eV higher in energy, corresponding to a blue shift of the main TPA peak 

of about 80 nm. Its TPA amplitude is consistent with that derived from a three-

state model (Table S3). Moreover, the two-state model significantly 

overestimates the TPA amplitude of the first band. Meanwhile, the value 

extracted from the model at the TD-B97XD level of theory (Table S3) shows 
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good qualitative agreement with the TPA cross-section obtained experimentally 

(Figure 19). This agreement becomes quantitative when extracting the linewidth 

broadening parameter  from the OPA spectra reported Figure 13 (compound 

11) and S15 (compound 19). It corresponds to the half-width-at-half-maximum 

(HWHM) of a Lorentzian lineshape (see Ref. [4] for conversion factor between 

Lorentzian and Gaussian lineshapes) that is estimated to  = 0.2 eV. From 

equation (1), we deduce that the value is reduced by a factor of two, i.e. 5.5 GM, 

in nice agreement with the 5.6 GM measured experimentally at 680 nm from 11.  

Last, the marked difference between both levels of theory can be traced back to 

significant overestimation of the excited state dipole moment at the TD-B3LYP 

level.    

 

Figure S36. OPA (dashed lines) and TPA (straight lines) spectra of a D-π-A 

coumarin derivative 12b (Figure S18, right) computed at the TD-B3LYP/6-

31G(d)//B3LYP/6-31G(d) level of theory. 

 

As expected, substitution of the dimethylamino group of the 4-

(Dimethylamino)phenyl by a nitro group (Figure S35, right) leads to a 

chromophore with a clear dipolar nature, i.e. having a TPA maximum at twice 

the OPA maximum wavelength (Figure S36). This leads to an additional red-shift 

of the main TPA band, which shows up above 830 nm. For this D--A compound, 

the two-state model is in good agreement with the computed TPA amplitude at 

the maximum (Table S3). Such an agreement helps to further gauge effect of the 

level of theory on the TPA amplitudes. With B97XD, the TPA amplitude at the 

maximum is reduced by a factor of five, leading to a σ2  of ~60 GM, which 
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remains sizeable as compared to other caged compounds already investigated.  

 

Table S3. Calculated transition energies (0i in eV), state and transition dipole 

moments (ij in Debye) using the 6-31G(d) basis set and for geometries 

optimized at the B3LYP/6-31G(d) level of theory. The TPA cross section (2 in 

GM) at the maximum is derived within the few-state models (Eq. (1) or (2)). 

Symbol i denotes the excited state of interest. 

 

TD-DFT 

functional 

i 

0i  

(eV)           

ii (D) 00 (D) 0i (D) 2
a  

(GM) x y z x y z x y z 

12a 

B3LYP 1 3,08 7,2 -4,4 0,8 2,2 -3,9 0,5 7,7 -0,7 0,2 110 

B97XD 1 3,64 -0,5 -4,1 0,7 2,2 -4,0 0,7 8,5 -1,1 0,2 11 

12b 

B3LYP 1 2,98 27,8 -2,9 0,5 11,7 -3,3 0,5 -7,6 0,3 -0,0 309 

B97XD 1 3,63 17,4 -3,4 0,7 11,2 -3,6 0,8 -8,7 1,0 -0,2 60 

12a B3LYP 2 3,84       15,6 0,1 0,2 812b 

a computed from the expression for a two-state model (1); 
b computed from the expression for a three-state model 

(2) 

As we cannot experimentally measure the TPA cross sections below 680 nm, i.e. 

in the region where the maximum is predicted to show up, we extrapolate the 

values based on the 18 GM experimentally measured for 11 at 680 nm (Figure 

19). First, the position of the TPA maximum is predicted based on the calculated 

energy shift between the OPA maximum (i=1 in Table S3) and TPA one (i=2 in 

Table S3). Converting to wavelengths, TPA maxima are predicted at 624 and 

651nm for 11 and 19, respectively. Next, we use the energy shift between twice 

the experimental OPA maximum (2×386nm) and 680 nm, which amount to 0.21 

eV, to compute the TPA cross section at an equivalent spectral position (3.08/2 + 

0.21= 1.75eV). To ensure best possible extrapolation, we also use in our 

calculations  = 0.2 eV, as extracted from experimental OPA spectra (see above) 

and compute the TPA cross section at 1.75 eV (709 nm) and at the maximum 

1.92 eV (646 nm). Computed values are reported in Table S4 and are used to 

estimate the TPA cross section of 11 at 624 nm (343×18/77=80 GM). The later 
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value can be further used to estimate the cross section of 19 at 651 nm, based on 

the 7 GM extrapolated at 750 nm and the 5.6 GM experimentally measured at 

760 nm for 11 (80×7/5.6=100 GM). 

 

Table S4. Calculated TPA cross section (2 in GM) at the TD-B3LYP/6-

31G(d)//B3LYP/6-31G(d) level of theory using a linewidth broadening 

parameter  = 0.2 eV extracted from the OPA spectra reported Figure 13 (11) 

and S15 (19). Experimental data recorded on compound 11 at 680 nm and 

extrapolated value at 624 and 651 nm for 11 and 19, respectively. 

 

 Calculated 

(12a) 

Experimental 

(11) 

Extrapolated 

(11) 

Extrapolated 

(19) 

ω (eV)  

λ (nm)  

1.75 

709 

1.92 

646 

1.82 

680 

1.99 

624 

1.91 

651 

σ2 (GM)  77 343 18 80 100 

 

 

TPA spectroscopic measurement of 11 

Two-photon-excited fluorescence spectra of the studied model fluorophore 11 

in solution phase (concentration: 110-4 M) were measured according to the 

protocol established by Xu and Webb using Fluorescein (0.1 N NaOH solution) 

as the standard.[8] The experimental setup is illustrated in Figure S37. In brief, 

the excitation light source was a mode-locked Ti:Sapphire laser (Chameleon 

Ultra II, Coherent Inc.) which delivers ~140 fs pulses with the repetition rate of 

80 MHz and the beam diameter of 2 mm. The intensity level of the excitation 

beam was carefully controlled by the combination of a /2 wave plate and a 

polarizer in order to avoid the saturation of absorption and photodegradation. To 

minimize the effects of re-absorption, the excitation beam was focused as close 

as possible to the wall of the quartz cell (10 mm10 mm cuvette) and the up-

converted emissions were collected and induced by a fiber bundle into a CCD 

imaging spectrometer (USB-4000, Ocean Optics) for the spectra recording. This 
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optical system was also utilized for the characterization of the quadratic 

dependence of the TPA-induced up-conversion emission intensity on the 

pumping intensity for every data point. 

 

 

 

 

Figure S37. Optical setup for TPA spectrum measurement. 
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Chapter 4 

Conclusions and Outlook 
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Conclusions and Outlook: 

 

In this research study, D-π-A and D-π-D based (coumarin-4yl)methyl type 

PPGs were synthesized. In terms of uncaging efficiency, D-π-D derivative is 

superior to the D-π-A analogues. According to the computational result, large 

MO coefficient on the carbon atom at 4-position in the LUMO seems to be an 

important factor for the design of (coumarin-4yl)methyl type PPG having 

efficient uncaging reaction. However, our D-π-D chromophore does not show 

high TPA cross-section over 700 nm, which is a remaining problem for TP 

uncaging reaction. To overcome this issue, π-extension on the 3-position will be 

one of the effective strategies. The detail investigation of photophysical and 

photochemical character of π-extended coumarin chromophore is the next 

interesting topic. 
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